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Abstract: 
 
Color pattern variation in butterflies has been a focus of research investigating the 
genetic basis of adaptive traits. Over the past decade, genetic and genomic studies on 
butterfly wings have supported the possibility of a conserved genetic architecture of wing 
patterns. Extensive mapping in Heliconius and other Lepidopterans offers an excellent 
opportunity to investigate the comparative genetic basis of wing patterning elements 
across macroevolutionary timescales. Here I present data which supports the hypothesis 
that the Limenitis arthemis species complex and several species of Heliconius butterflies 
use homologous genomic regions to switch between wing pattern phenotypes and I 
identify WntA as the candidate gene controlling this variation. In addition, I present data, 
which, taken together with previous work, supports several alternative origins to wing 
patterning, including the hypothesis that mimetic wing patterns in the L. arthemis species 
complex may have a single origin followed by hybridization upon secondary contact  
between divergent lineages. These findings, taken together with other recent findings in 
the field, suggest that wing patterns difference among butterfly lineages, though 
incredibly diverse, may be controlled by just a few regions of large effect. 
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Chapter 1:  INTRODUCTION 
 
A major challenge in evolutionary biology is linking adaptive phenotypic 
diversity with genomic variation. This linkage is critical to our understanding of how 
diversity arises at different levels of biological organization (e.g. phenotypic, genetic, 
developmental) and how that diversity is affected by natural selection. Modern molecular 
techniques have made possible the discovery of the genes responsible for adaptation, and 
studies linking genotype to phenotype have begun to reveal details underlying examples 
of adaptive phenotypes for a few, well-characterized model organisms (Sucena et al. 
2003; Nachman, Hoekstra, and D’Agostino 2003; Shapiro et al. 2004; Colosimo et al. 
2005; Mundy 2005; Hoekstra et al. 2006; Protas et al. 2006; Steiner et al. 2009; Reed et 
al. 2011; Martin et al. 2012a; Gallant et al. 2014). Many of these examples involve 
differences in coloration because color patterns are externally visible, and therefore, 
easily measured relative to other morphological differences. For this reason and because 
color purportedly functions as a target of selection for camouflage, aposematism, 
mimicry, thermoregulation, and sexual selection, pigmentation has been at the focus of 
research on the ecology, evolution, and behavior of vertebrates and invertebrates for over 
a century (Bates 1862; Darwin 1878; Kettlewell 1956; Silvers 1979; Endler 1980; 
Nijhout 1991; Roulin 2004; Protas and Patel 2008; Kronforst et al. 2012). In this chapter, 
I briefly review (1) butterfly wing eyespots as a model system for understanding the 
developmental genetics of coloration, (2) the role of color pattern variation in natural 
populations of Heliconius butterflies as an emerging model system for understanding the 
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genetic basis of adaptations, and (3) the role that wing pattern loci played in the origin 
and maintenance of adaptive mimetic diversity among hybridizing populations of North 
American admiral butterflies (Nymphalidae: Limenitis). 
 
The genetic basis of eyespots and the roles of developmental tool kit genes in wing 
pattern development and variation 
Butterfly wing patterns are massive drivers of diversity. There are an estimated 
18,000 species of butterflies often distinguishable by wing patterning differences alone 
(Kronforst and Papa 2015). As a direct result, many of the traditional examples of 
adaptive traits in evolutionary biology come from butterflies, with a particular emphasis 
on the role that wing patterns play in camouflage or in the evolution of warning 
coloration and mimicry (Ruxton, Sherratt, and Speed 2005). The unraveling of the 
molecular identity of genes involved in the development of butterfly wings began with 
eyespots (also known as border ocelli). Eyespots are concentric rings of pigmentation 
found along the distal edge in fore- and hindwings of moths and butterflies. Eyespots 
have been linked to both sexual selection for mate choice and natural selection for 
predator avoidance (Kodandaramaiah 2009; Kodandaramaiah 2011; Kronforst et al. 
2012). Variation in the number of ocelli, number of concentric rings, ring size, ring 
shape, and ring color occurs both within and between species (Nijhout 1991). 
Comparative analysis of eyespot morphology of Nymphalids suggests the eyespot 
evolved from a spot around 90 million years ago (Oliver et al. 2012; Monteiro 2015). 
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In classic developmental experiments on the Common Buckeye butterfly, Junonia 
coenia, Nijhout showed that transplantation of an organizing center termed the “focus,” 
induced eyespot formation at the site of transplantation and that cautery of the focus 
abolished eyespots in the adult wing (Nijhout 1980; Nijhout 1985). These experiments 
were repeated in Bicyclus anynana with similar results (French and Brakefield 1995; 
Brakefield and French 1995). Surveys of transcription factors during wing development 
eventually led to the discovery of the expression of the Distal-less (Dll) protein in all the 
cells of the focus (Brakefield et al. 1996). In addition to the recruitment of Dll, the 
evolution of the eyespot has also resulted in the co-option of transcription factors 
Antennapedia (Antp) and Engrailed (En), the signaling ligands Transforming Growth 
Factor-beta (TGF-β), Wingless (Wg), Hedgehog (Hh), the receptors Patched (Ptc) and 
Notch (N), and downstream transcription factors Cubitus interruptus (Ci), 
Phosphorylated mothers against decapentaplegic (pMad) & Spalt (Sal) (True and Carroll 
2002; Monteiro et al. 2006; Shirai et al. 2012; Oliver et al. 2012; Monteiro 2015). All of 
these genes are part of the genetic “toolkit” essential for the normal development of all 
insects. For example, Dll expression is a requirement of appendage formation in 
arthropods among many other functions (Panganiban and Rubenstein 2002). Without Dll 
expression at the site of developing limbs, limbs fail to form. The co-option of Dll in 
butterfly wing pattern formation has been shown to control variation in eyespot size 
(Beldade, Brakefield, and Long 2002). 
However, not all these conserved genes play a role in eyespot development in all 
Nymphalid butterflies. Instead, there is lineage specific association with candidate gene 
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expression in developing eyespots (Saenko, Marialva, and Beldade 2011; Shirai et al. 
2012; Kronforst et al. 2012). In fact, only two candidate genes, spalt and Distal-less, are 
expressed in most eyespot centers. Phylogenetic analysis of expression data in 
Nymphalid eyespot development suggests a single co-option for the genes En, N, sal, and 
Dll in the common ancestor of the Satyrine, Heliconiine, and Nymphaline clades of 
Nymphalidae. Only Dll and sal are expressed in most of these lineages with En and N 
having species specific expression, suggesting the former play a role in eyespot 
development while the latter have a derived role or have no role at all in the development 
of eyespots (True and Carroll 2002; Reed and Serfas 2004; Monteiro et al. 2006; Oliver 
et al. 2012; Monteiro 2015). While the morphogenetic role of Dll in eyespot size 
variation seems conserved, the role of sal, in contrast, is at least minimally variable. In B. 
anynana, sal expression is associated with black scales (Monteiro et al. 2006). In J. 
coenia, however, sal expression patterns are associated with black and yellow scales 
(Brunetti et al. 2001). This suggests a single gene controlling wing patterning 
differentiation has at least some flexibility to regulate different downstream pigmentation 
genes, resulting in different phenotypes (Kronforst et al. 2012). Among the Satryine 
butterflies, only Antp is expressed in developing eyespots of all species tested so far, 
suggesting some clade specific role for Antp (Saenko, Marialva, and Beldade 2011; 
Monteiro 2015). Though many of these conserved developmental genes seem to have 
clear roles in the development of eyespots, exactly how they interact has yet to be 
determined (Kronforst et al. 2012; Monteiro 2015). 
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Spots and eyespots do occur in lineages other than Nymphalids. In Pieridae where 
border ocelli appear as black spots, only sal expression is associated during pupation 
(Monteiro et al. 2006; Shirai et al. 2012; Kronforst et al. 2012). However, expression data 
for eyespots in papilionid and lycaenid butterflies show no association of the candidate 
genes from Nymphalids (Shirai et al. 2012; Kronforst et al. 2012). Interestingly, eyespots 
of saturniid moths express both En and Dll in regions of the wing where eyespots form 
(Monteiro et al. 2006). Though, the region of the wing is different and the recruitment of 
these genes in developing eyespots is either due to an independent recruitment of the 
genes or gene network and not a shared recruitment in a common ancestor (Monteiro and 
Podlaha 2009; Monteiro 2012; Kronforst et al. 2012). Future work should begin to 
elucidate the number of times networks have been co-opted to pattern eyespots and which 
genes are sufficient after co-option. 
 The border ocelli of the butterfly wings are certainly the most studied aspect of 
the wing, but other pattern elements of butterfly wings have also been investigated using 
candidate genes associated with eyespot formation. Wg expression patterns correlate with 
the early determination of pattern elements in the basal symmetry system (located 
proximally on the wing), discalis I, discalis II, and the externa I marginal strip (Carroll et 
al. 1994; Martin and Reed 2010). Additionally, a gene thought to be specific to 
Lepidopteran, aristaless2 (al2), precedes wg in early development of the discalis II 
element. Phylogenetic analysis of al2 suggests a tandem duplication of the aristaless 
gene and subsequent coding and cis-regulatory divergence which led to this novel 
Lepidopteran homeobox gene (Martin and Reed 2010).  Wg expression is also found 
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along the distal edge of developing butterfly wings where it is highly correlated with 
future adult wing shapes. Along with the transcription factor Cut, this distal boundary of 
expression of wg marks a boundary within which all distal cells in the developing wing 
undergo apoptosis (Macdonald, Martin, and Reed 2010). 
 What we’ve learned from the butterfly eyespot is the development of butterfly 
wing patterns and even wing shapes rely upon a diverse biological repertoire of toolkit 
genes. Additionally, this co-option of toolkit genes for the morphogenesis of novel 
structures is seen throughout animal phyla. Structural novelties, such as butterfly wings, 
are often associated with adaptive radiations leading to the notion that much of the 
organismal diversity seen in the natural world may be due to a rather small set of genes 
associated with an even smaller set of regulatory networks (True and Carroll 2002; 
Carroll, Grenier, and Weatherbee 2004; Brakefield 2011). 
 
Color pattern variation in natural populations of Heliconius butterflies as a model 
system for understanding the genetic basis of adaptations 
Wing pattern mimicry is widespread among butterflies due to the malleability and 
selective advantage of some pattern elements over others. In the genus Heliconius, co-
mimetics have evolved repeatedly in two clades distinguishable by a male reproductive 
tactic known as pupal mating. H. cydno and H. melpomene males and females don’t mate 
until after pupation while H. erato, H. sara and H. sapho are all pupal mating species. H. 
cydno wing patterns mimic H. sara or H. sapho and H. melpomene always mimics H. 
erato (Kronforst and Papa 2015). Wing patterning mimicry in these lineages has led to an 
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incredible array of diversity within species. H. melpomene and H. erato, for example, 
have converged upon over 20 different wing pattern races. Molecular data suggests wing 
patterns in H. erato of the pupal mating clade diverged around 2.8-3.1 million years ago, 
with a second radiation coming about 2.1 million years ago in H. melpomene of the non-
pupal mating clade (Quek et al. 2010; Hill, Gilbert, and Kronforst 2013). Presumably, 
when the wing patterns of H. erato diverged these new patterns provided novel 
phenotypes for H. melpomene to evolve towards. The entire distribution of H. melpomene 
and H. erato is marked by shifts from one co-mimetic wing pattern race to another 
(Gilbert 2003; Kronforst and Papa 2015). The wing patterning diversification within 
species and convergence between co-mimetics, allow for the repeated examination of 
whether convergent phenotypes are the result of shared genetic variation and so far the 
results have been illuminating. 
Comparative genetic mapping in Heliconius butterflies revealed the genomic 
locations of wing patterning loci in several species and therefore, potential candidate 
regions (Jiggins et al. 2005; Tobler et al. 2005; Kapan et al. 2006; Kronforst et al. 2006; 
Kronforst, Kapan, and Gilbert 2006; Joron, Jiggins, et al. 2006; Pringle et al. 2007). For 
example, wing patterning loci controlling red wing patterning in Heliconius all mapped to 
homologous regions in the genomes of H. erato, H. melpomene, H. cydno, & H. pachinus 
(Reed et al. 2011). Expression levels of all genes in a 700 kilobase region linked to red 
wing patterns were then assessed using a tiling array which revealed high levels of 
expression for the gene Optix (Reed et al. 2011). This result was corroborated with in situ 
hybridization (Reed et al. 2011) and immunohistochemistry (Martin et al. 2014). Both 
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SNP association studies and genome scans suggest regulatory variation upstream of optix 
is responsible for red patterning (Nadeau et al. 2012; Supple et al. 2013). However, 
outside of Heliconius, there is no direct evidence optix plays a role in wing patterning for 
other Lepidopterans, though it has also been co-opted to play a role in the development of 
wing coupling scales found on ventral forewings and dorsal hindwings (Reed et al. 2011; 
Martin et al. 2014). 
Comparative genetic linkage mapping also revealed homologous regions 
responsible for melanic pattern variation in Heliconius (Kronforst, Kapan, and Gilbert 
2006; Martin et al. 2012b). In H. erato the color pattern locus Short band (Sd) controls 
black patterns on the mid-dorsal forewings. In H. melpomene and H. cydno the 
homologous color pattern locus, Anterior cell spot suppressor (Ac), is responsible for 
black patterning on mid-dorsal wings. Fine scale mapping in H. cydno and H. erato 
identified a zero-recombinant window of 69 Kb containing the signaling ligand 
wingless/integrated A (WntA) (Martin et al. 2012b). Genetic linkage mapping in H. 
himera, H. melpomene, and H. pachinus showed variation in forewing band elements 
map from 0.22 to 1.96 centimorgans of the gene WntA suggesting this gene may play a 
role in these differences. In situ hybridizations of WntA demonstrated mRNA expression 
prefigured the mapped black wing pattern elements in 7 different species of Heliconius.  
Additionally, there was no coding variation between any of the 10 H. melpomene, H. 
cydno or H. erato subspecies sampled. To investigate this association further, a known 
Wnt signaling potentiator, heparin, was injected into developing pupal wing discs. 
Heparin injections enhanced melanization of the wing and was also able to produce 
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phenocopies of melanized wings from a non-melanized genetic background. These 
findings taken together, strongly suggest cis-regulatory evolution of WntA is driving the 
diversification of forewing band elements (Martin et al. 2012b). 
In H. numata there is a series of linked genes called the P locus which control 
entire switches between wing patterns, rather than just altering a single wing pattern 
element. This locus is conserved throughout the genus and controls switches in wing 
patterning mapped to homologous regions in H. numata, H. melpomene, H. erato, and H. 
cydno (Joron, Jiggins, et al. 2006; Joron, Papa, et al. 2006; Kronforst, Kapan, and Gilbert 
2006). In H. melpomene, the homologous genomic region contains 3 genes which are not 
as tightly linked as those in the P locus. Chromosomal rearrangements lead to the 
creation of the P locus, however, the identity of the gene(s) causing the color variation 
remains unknown (Joron et al. 2011; Kronforst and Papa 2015). 
The neotropical butterfly genus Heliconius continues to serve as a model system 
for understanding wing pattern evolution. The early and consistent findings behind the 
molecular causes of butterfly eyespots and the subsequent investigation into the 
proximate causes of the wing patterning shifts in Heliconius mimicry, both have 
demonstrated a significant role for highly conserved developmental genes. Therefore, the 
early evidence from research in Heliconius, just as with the work on butterfly eyespots, 
points to a conserved subset of co-opted genes used to generate wing patterning diversity 
(True and Carroll 2002; Carroll, Grenier, and Weatherbee 2004; Brakefield 2011). The 
effects of these genes in other lineages of lepidopterans remains to be determined. 
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The origin and maintenance of adaptive mimetic diversity among hybridizing 
populations of North American admiral butterflies, Limenitis arthemis 
North American admiral butterflies (genus Limenitis) represent a small, diverse 
radiation of Nymphalid butterflies that consists of several geographically distinct species 
and wing-pattern forms (Platt 1983). Although best known from studies of the evolution 
of mimicry (Poulton 1909; J. V. Z. Brower 1958a; J. V. Z. Brower 1958b; Platt and 
Greenfield 1971; Platt 1975; Ritland and Brower 1991; Ritland 1998; Prudic, Shapiro, 
and Clayton 2002), these butterflies are also of interest because of widespread 
hybridization between nominal species (see Platt 1983 for review). While several hybrid 
zones exist between wing-pattern races in this group (Platt and Brower 1968; Remington 
1968; Porter 1989; Porter 1990; Boyd et al. 1999), the most dramatic example involves 
hybridization between mimetic and nonmimetic populations of the polytypic Limenitis 
arthemis-astyanax species complex (Figure 1; Platt and Brower 1968; Remington 1968). 
White admiral butterflies (L. arthemis arthemis) occur in the northeastern United 
States and throughout Canada as far west as Alaska (Scott 1986). These butterflies 
possess broad, white bands, which traverse both the dorsal and ventral surfaces of the 
wing, and likely reduce predation via disruptive coloration (Seymoure and Aiello 2015). 
In contrast, the Red-spotted Purple (L. arthemis astyanax), a Batesian mimic of the 
Pipevine Swallowtail (Battus philenor), lacks white banding, but displays vibrant blue to 
blue-green iridescent scales along the outer portion of the hindwing (L. P. Brower and 
Brower 1962; Platt, Coppinger, and Brower 1971; Platt 1975). This subspecies is 
distributed throughout the southeastern United States (Figure 2). Hybridization between 
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the two color pattern forms occurs in a wide geographic band across New England, 
southern Ontario, and the Great Lakes, and individuals with intermediate phenotypes 
have been known for at least 140 years (Edwards 1865; Edwards 1877; Scudder 1889). 
Significant geographic variation in wing pattern also exists within both white-banded and 
mimetic populations. For example, white admiral butterflies west of Lake Superior have a 
brick red band along the margins of the ventral hindwing, and these northwestern 
populations are sometimes considered a separate subspecies, L. a. rubrofasciata  (Barnes 
and McDunnough 1916). In addition, isolated populations of a mimetic subspecies (L. a. 
arizonensis) occur in the southwestern United States, and differ from L. a. astyanax in the 
shape of their hindwings (more pointed) and color of their submarginal chevrons (white 
vs. iridescent). 
Prior efforts to understand the demographic history of this complex suggest that 
natural selection related to mimicry limits gene flow and maintains the current position of 
the hybrid zone between mimetic and non-mimetic wing pattern races (Mullen, Dopman, 
and Harrison 2008; Ries and Mullen 2008).  The medial white banding characteristic of 
non-mimetic individuals is controlled by a single Mendelian locus with two co-dominant 
alleles (Platt 1975). Laboratory crosses also indicate the presence of at least one 
modifying locus, which is capable of partially masking the penetrance of the white-
banded allele in the heterozygous condition (Platt 1975).  The molecular identify of the 
locus controlling medial banding in Limenitis is unknown, but the wing pattern 
polymorphism in the L. arthemis complex is extremely reminiscent of melanin patterning 
variation among color pattern races of Heliconius butterflies.  This suggests that, 
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although separated by more than 65 million years of evolutionary divergence (Wahlberg 
et al. 2009; Heikkilä et al. 2012), these two distantly-related butterfly lineages might 
share a conserved set of  developmental genes involved in the patterns observed on adult 
wings (Nijhout 1991). 
Given the clear adaptive significance of wing pattern variation in Limenitis, and 
the possibility of a conserved genetic architecture between Heliconius and Limenitis, the 
Limenitis arthemis species complex offers an excellent opportunity to investigate the 
comparative genetic basis of wing patterning elements across macroevolutionary 
timescales. The aim of my research, therefore, is twofold. First I will characterize the 
genetic basis of wing pattern in L. arthemis species complex to test the hypothesis that 
butterflies use a conserved set of developmental genes to pattern their wings. Second, in 
order to examine the adaptive significance of wing pattern differences in the species 
complex, I will analyze regions linked to wing patterning differences to infer their 
historical relationship. To do so, I first present a genetic linkage map of Limenitis 
arthemis using L. a. arthemis and L. a. astyanax to identify regions of the genome linked 
to wing pattern elements.  I then improve the resolution of this study by fine mapping the 
chromosome linked to the banding of the medial portion of the wings in order to identify 
candidate gene(s) which may control the shift from banded to mimetic, and compare 
these results to ongoing work in Heliconius. Finally, I use gene genealogies to infer the 
evolutionary history of mimetic wing patterns in the Limenitis arthemis species complex. 
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Chapter 2:  An AFLP-based genetic linkage map of mimetic color pattern variation 
within the polytypic Limenitis arthemis species complex 
 
Introduction: 
Determining the comparative genetic basis of ecologically important traits has 
been a central goal of evolutionary genetics since the modern synthesis. For non-model 
species, linkage maps provide an independent method for identifying candidate regions 
responsible for divergence within and between species. Wing patterns play a vital role in 
the evolution of butterflies because they are the target of sexual selection and natural 
selection for crypsis, aposematism, and mimicry (Bates 1862; Darwin 1878; Kettlewell 
1956; Silvers 1979; Endler 1980; Nijhout 1991; Roulin 2004; Protas and Patel 2008; 
Kronforst et al. 2012). The genetics of Lepidopterans has already revealed several 
genomic regions and genes involved in wing patterning. Specifically, the link between 
optix, WntA and wing pattern variation for a number of different species and races of 
butterflies suggests variability in wing patterning elements could be controlled by a small 
number of large effect genes (Reed et al. 2011; Martin et al. 2012). However, more 
evidence is necessary before we understand the extent to which the same genes control 
wing patterning elements in Lepidoptera. 
Linkage maps are a robust, first line of investigation into the genetic basis of 
adaptive traits. In Lepidoptera, linkage maps have been constructed for more than 10 
different genera revealing highly conserved patterns of macrosynteny across Lepidoptera 
as well as the genetic basis of several traits including pheromone response, sexual 
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isolation of different pheromone strains, and toxin resistance (Heckel et al. 1999; 
Dopman, Bogdanowicz, and Harrison 2004; Yasukochi et al. 2006; Pringle et al. 2007; 
Sahara et al. 2007; Baxter et al. 2008; Beldade et al. 2009; Yasukochi et al. 2009; 
d’Alençon et al. 2010; Gould et al. 2010; Yoshido, Yasukochi, and Sahara 2011). As 
noted above, the construction of comparative genetic maps for different Lepidopteran 
species is facilitated by the high degree of synteny that characterizes this insect order 
(Ahola et al. 2014). For example, comparative mapping of the genome of Melitaea cinxia 
(Nymphalidae) using thousands of molecular markers, revealed that 96% of loci mapped 
to orthologous chromosomes among M. cinxia, B. mori, and Heliconius melpomene 
(Ahola et al. 2014).  In addition, although haploid chromosome numbers vary from 5 to 
223, most species have from 29 to 31 haploid chromosomes (Suomalainen 1969; 
Heliconius Genome Consortium 2012) and the ancestral karyotype of modern 
lepidopterans is 31 chromosomes (Suomalainen 1969). Furthermore, the genome sizes of 
Lepidopterans are relatively similar, suggesting the fissions and fusions that altered 
karyotype numbers resulted in very little loss of DNA (White 1973). It has been 
hypothesized that Lepidopteran holocentrism may prevent large paracentric inversions 
that are seen in organisms with monocentric chromosomes (d’Alençon et al. 2010). 
Lepidopteran inversion rates are 20 times faster than those of most mammals and plants, 
but their genomes are highly conserved. Therefore, despite millions of years of 
divergence, comparative mapping between different lineages readily allows for the 
identification of homologous genomic regions (Pringle et al. 2007; Ahola et al. 2014). 
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With respect to color pattern traits, linkage maps have explored the genetic 
architecture underlying adaptive wing pattern variation in 5 Lepidopteran genera and 
several families, including moths from Bombycoidea (Tan et al. 2001; Nguu et al. 2005; 
Miao et al. 2005; Yasukochi et al. 2006) and Geometridae (van’t Hof et al. 2011; van’t 
Hof et al. 2013), and butterflies from, Papilionidae (Clark et al. 2008a) and Nymphalidae 
(Jiggins et al. 2005; Tobler et al. 2005; Joron et al. 2006; Kapan et al. 2006; Kronforst et 
al. 2006; Kronforst, Kapan, and Gilbert 2006; Pringle et al. 2007; Papa et al. 2008; 
Beldade et al. 2009; Ferguson et al. 2010; Joron et al. 2011a; Reed et al. 2011). More 
importantly, comparative linkage maps for Heliconius butterflies have repeatedly 
implicated homologous genomic regions underlie wing pattern shifts within the genus 
(Joron et al. 2006; Kronforst, Kapan, and Gilbert 2006; Papa et al. 2008; Hines et al. 
2011; Martin et al. 2012) and between more distantly related moths and butterflies 
(Pringle et al. 2007; Martin and Reed 2010; Reed et al. 2011; van’t Hof et al. 2011; 
Martin et al. 2012; van’t Hof et al. 2013; Martin and Reed 2014; Gallant et al. 2014; Ito 
et al. 2015).  These results taken together with findings demonstrating extensive synteny 
in Lepidoptera (Pringle et al. 2007; Beldade et al. 2009; Ahola et al. 2014) suggest that 
genetic mapping has the potential to reveal significant insights into the genetic 
architecture of adaptive phenotypic variation in butterfly color patterns across distantly 
related lineages. 
The Limenitis arthemis polytypic species complex provides an excellent 
opportunity to investigate the comparative genetic basis of wing patterning. Both the 
melanization of the central regions of fore- and hindwings and iridescence on the 
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hindwing are thought to be adaptations for mimicry (Platt and Brower 1968). Variation 
between mimetic and non-mimetic lineages of this species complex is controlled by a 
relatively simple genetic architecture (1 locus, 2 alleles), and crosses between different 
wing pattern forms can easily be obtained under laboratory conditions.  Here I present a 
first generation genetic linkage map for Limenitis which 1) successfully recovers all of 
the expected 30 chromosomal linkage groups, 2) localizes the genomic region housing 
the color patterning gene, and 3) provides insights into the potential identity of the genes 
responsible for adaptive color pattern variation in this system. 
 
Methods: 
Insect Capture, Care, & Crosses 
Female Limenitis arthemis specimens were collected from Pennsylvania State 
Game Lands #57 in north central Pennsylvania in June of 2008. This population is 
located in a phenotypic hybrid zone and has both mimetic and non-mimetic phenotypes. 
Female specimens were caught and fed a mixture of honey and water twice daily. 
Females were secured on host plant (Prunus serotina and/or Salyx babylonica) to 
encourage oviposition. Once hatched, larvae were raised directly on host plants 1 brood 
per cage. Pupae were collected and placed in labeled containers to prevent adults from 
mating upon emergence. Adult butterflies were transferred to envelopes numbered with 
their sibling group and according to their order of emergence. Adults were then 
photographed and crossed to non-siblings of alternate phenotypes. As with their wild-
caught mothers, mated females were then secured on host plant and fed a mix of honey 
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and water twice daily. Males were archived for DNA extraction after mating and females 
were archived when oviposition ceased.  Wings were removed and stored in envelopes 
and bodies were stored in 95% ethanol. Progeny from mapping crosses were 
photographed upon emergence and archived. 
The Mapping family used to generate this linkage map was the result of a 
backcross between a mimetic male, heterozygous for melanization of the fore- and 
hindwing (no white band) to a fully-banded, non-mimetic female (homozygous 
recessive). Both male and female were heterozygous for iridescence of the medial to 
distal regions of the dorsal hindwing. Previous research suggests both of these loci are 
controlled by gene(s) of large effect with a few modifying loci of small effect (Robinson 
1971; Platt 1975). However, wild caught individuals used in the mapping crosses were 
collected from populations within the hybrid zone where selection against hybrid 
phenotypes is probable and may be fixing the genes of small effect for the dominant 
phenotype (mimetic). All progeny from mapping crosses displayed either the mimetic 
phenotype or the white banded phenotype. Since the male was heterozygous (mimetic) 
and the female was homozygous recessive (non-mimetic), the expected frequency of 
mimetic and non-mimetic progeny is 1:1. Linkage maps with heterozygous female 
Lepidopterans are uninformative regarding genetic marker order or marker distance 
because there is no recombination during oogenesis (Heckel et al. 1999).  
A single mapping family containing 111 progeny was chosen for genotyping. 45 
were mimetic (23 males and 22 females) and 66 were fully-banded (30 males and 36 
females). Individuals were digitally photographed for phenotypic analysis. Wing patterns 
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of the mapping family were scored for the presence or absence of hind and forewing 
white banding. Wings were removed and archived in glassine envelopes while bodies 
were placed inside 1.5 ml microcentrifuge tubes with 100% ethanol to preserve the 
genomic DNA. Wing muscle tissue was dissected from archived butterflies and DNA 
extractions were done using the Qiagen DNeasy Blood and Tissue Kit. 
 
AFLP Genotyping 
Amplified fragment length polymorphisms (AFLP) are restriction enzyme-
derived markers. AFLP are ideally suited for linkage mapping because they require no a 
priori knowledge of the genome, the technique is highly reproducible, a large number of 
molecular markers are generated, and those markers are distributed throughout the 
genome. A weakness in gene or micro-satellite based linkage maps is generating enough 
markers to provide coverage for all of the chromosomes in a genome. If a genetic linkage 
map has an insufficient number of genetic markers or lacks markers on all possible 
chromosomes, the resulting map will have poorly represented physical relationships 
between genes and chromosomes and may result in genes being inaccurately assigned to 
positions on a chromosome, inaccurate estimations of physical distances between 
markers, or chromosomes may fail to be represented entirely. Genotyping with AFLP 
eliminates all these problems by generating a large number of markers that result in the 
complete coverage of the genome and a more accurate estimation of the physical 
distances of any genomic regions of interest. Since the ultimate goal of any genetic 
linkage map is to determine the candidate genomic regions responsible for specific 
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phenotypes, accurate estimates of the physical distance between a given marker and a 
linked phenotype are of immense importance. 
AFLP genotypes were generated using Applied Biosystems AFLP Plant Mapping 
kit for small plant genomes. The first step of the AFLP technique is to generate genomic 
fragments. Genomic fragments are generated via a restriction enzyme digestion and 
double stranded adaptor ligation. This reaction consists of DNA ligase, restriction 
enzymes (EcoRI and MseI), proprietary buffers (Applied Biosystems AFLP Plant 
Mapping kit), genomic DNA, and double stranded DNA adaptors. EcoR1 and Mse1 are 
restriction enzymes that target and cut specific sequences (recognition sequences) of 
double stranded DNA resulting in hundreds of thousands to millions of double stranded 
DNA fragments depending on the genome size of the study organism. EcoRI recognizes a 
six base pair sequence (5’GAATTC3’) and MseI recognizes a four base pair sequence 
(5’TTAA3’). Cut frequency depends on the probability of a given sequence existing 
within the genome.  The probability of any given nucleotide base pair at any position is 1 
in 4.  The probability of any given sequence occurring in the genome is the product of the 
probability of each base pair occurring or ¼N, where N represents the length of the 
recognition sequence.  EcoRI recognition sequences are therefore expected to be 
encountered once for every 4096 base pairs (¼6) of genomic sequence while MseI 
recognition sequences will occur much more frequently, once for every 256 base pairs 
(¼4). After the restriction enzyme has made a double stranded cut, DNA ligase then 
attaches double stranded DNA adaptors to the ends of the newly cut fragments. Both 
EcoRI and MseI make rotationally symmetrical cuts which results in each cut site having 
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2 adaptors ligated in place. The attachment of adaptors provides a known nucleotide 
sequence from which to design primers for subsequent fragment PCR amplification. 
Newly constructed fragments are selectively amplified during 2 separate rounds 
of PCR. Decreasing the number of fragments with selective amplification is a necessary 
step to reduce the likelihood of genotyping errors. Due to the rotational symmetry of both 
EcoRI and MseI cut sites, there are 3 types of fragments formed when the adaptors are 
ligated onto the fragments. There are fragments with EcoRI adaptors on both ends, 
fragments with MseI adaptors on both ends and fragments with an EcoRI adaptor on one 
end and an MseI adaptor on the other end. The first PCR (pre-selective PCR) uses a 
primer with a sequence that has a single adenosine addition on the 3’ end of the original 
adaptor and restriction enzyme recognition site sequence for MseI.  The EcoRI pre-
selective primer matches the adaptor sequence and the recognition site. Since there are 4 
possible nucleotides that could be located 3’ to the sequence of the adaptor and the 
restriction enzyme cut site, the single base pair extension on the MseI pre-selective 
primer results in amplification of 1 in every 4 fragments with an MseI adaptor. The 
second PCR (selective PCR) uses either two or three nucleotide base pair additions to 
further decrease the number of markers to be genotyped. Using the same premise of 
fragment reduction from the pre-selective round of PCR, additional nucleotides are added 
to the 3’ end of the primer. Selective primer pairs ranged from both having 2 base pair 
extensions, both having 3 base pair extensions, or 1 primer having a 2 base pair extension 
while the other had a 3 base pair extension. Additionally, only the EcoRI selective PCR 
primer contains a 5’ fluorescent dye label.  Therefore, only fragments with the EcoRI 
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primer incorporated are visualized on the Applied Biosystems 3730xl DNA Analyzer. 
Several different combinations of selective PCR primers were used to amplify different 
subsets of AFLP markers for genotyping. However, the same pre-selective PCR product 
is used for multiple rounds of selective PCR. 
Once the PCRs are complete, internal lane size standard (fluorescently labeled 
DNA fragments of known sizes purchased from Applied Biosystems for use on their 
DNA Analyzers) was added to each individual PCR product prior to genotyping to ensure 
proper size matching of AFLP across samples. Size standard fragments are labeled with 
ROX, a red dye, while EcoRI selective primers were labeled with 1 of 3 possible dyes; 5-
FAM (blue), JOE (green), or NED (yellow). AFLP reaction mixtures were sent to Cornell 
University for fragment analysis on an Applied BioSystems 3730xl DNA Analyzer via 
capillary electrophoresis. The DNA analyzer loads fluorescently labeled DNA fragments 
into a polymer-filled capillary array (a set of 48 or 96 capillaries, each capillary being 
capable of running a single sample). Inside each capillary, fluorescently labeled AFLP 
are separated according to fragment size via electrophoresis. As fragments move through 
the capillary, they eventually pass by a detection window that uses a laser beam to excite 
the dye molecules, causing them to fluoresce. This fluorescence emission is collected and 
spectrally separated by a spectrograph. The 3730xl DNA analyzer data collection 
software reads and interprets fluorescence data as relative fluorescence units (RFU) and 
generates an electropherogram based on RFU from the dye set (5-FAM, JOE, or NED) 
and the internal size standard (ROX). 
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AFLP electropherograms were analyzed in Applied Biosystems GeneMapper 
software, version 3.7. Each primer pair was analyzed separately. Electropherograms have 
two axes. The X axis represents fragment sizes in base pairs while the Y axis represents 
peak height in RFU. AFLP are dominant genetic markers because RFU intensity is an 
unreliable indicator of heterozygosity. Though an increase in RFU intensity could be due 
to a given individual being homozygous for a specific cut site, it could also be a PCR 
artifact for a given sample and therefore, attempts to score individuals as heterozygous is 
both difficult and error-prone. AFLP alleles are therefore scored as either present or 
absent and according to fragment size. The GeneMapper software uses algorithms to 
detect peaks, peak width (binning), peak size and allele calling. As each fragment passes 
by the detection window in the DNA analyzer, the RFU recorded goes from baseline or 
zero to a ceiling value and back to baseline. Therefore, the recording of the fragment 
passing the detection window resembles a normal distribution. The peak detection 
algorithm uses functions with varying polynomial degrees to detect the peak and to 
determine the peak window or range for a given allele. Polynomial curves with higher 
degrees were used resulting in smaller peak windows and a reduced risk of misinterpreted 
allele calls for markers. AFLP size matching is determined with the local southern 
method algorithm.  The algorithm compares the distances between the four closest size 
standard fragments (fragments of known size) to determine the size of the unknown 
AFLP marker. Fragments were considered alleles of the same marker when the centers of 
the peaks (point of highest RFU) are +/- 0.5 base pairs. Fragments smaller than 50 base 
pairs and larger than 550 base pairs were excluded from analysis. Small fragments 
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increase genotyping errors due to the increased risk of fragment homoplasy, while larger 
fragments are more likely to have allelic dropout. Allelic dropout occurs when the 
fluorescence intensity for a specific size fragment (peak height) falls below a low 
amplitude threshold causing the fragment to go undetected for some unknown fraction of 
samples examined. Peak height threshold was set to 80 RFU. However, all alleles that 
had any individuals with peak heights below this threshold were excluded from analysis 
in order to avoid incorrectly assessing genotypes due to allelic dropout. Only markers 
present in the father, absent in the mother, and segregating in a near 1:1 pattern in the 
progeny were used for genotyping. Additionally, any marker that had a large number of 
missing genotypes was removed from the data set. Every precaution was used to limit 
both missing genotypes and genotyping errors because both result in inaccurate and 
poorly resolved linkage relationships. After an initial analysis using the aforementioned 
parameters in GeneMapper, all allele calls for mappable markers were confirmed and 
edits were saved and exported for each individual in the mapping family. 
 
Gene Identification 
A Limenitis expressed sequence tags (EST) library was developed from 5th instar 
whole larvae.  Comparing linkage maps across species requires highly conserved nuclear 
loci to identify homologous chromosomes, relationships among genes on a single 
chromosome, and potential regions for genetic control of target phenotypes. ESTs 
represent one method for nuclear marker discovery and development in the mapping of 
non-model organisms. ESTs represent genes being actively transcribed in the sampled 
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area when the tissue sample is taken.  EST generation requires the isolation of messenger 
RNA (mRNA) from tissue.  mRNA is then cloned or amplified directly and 
complimentary DNA (cDNA) is generated via PCR and then sequenced.  EST reads 
ranged from 100 up to 3,430 base pairs (bps), with most sequences in the 200-400 bps 
range. 29,413 mRNA transcripts were sequenced and 12,500 were annotated with 
Blast2GO.  The EST library was then searched for nuclear genes already mapped in 
Heliconius butterflies and Bombyx mori, the silkworm(Pringle et al. 2007). To date, 
genetic and physical mapping has shown Lepidopteran genomes have high levels of 
synteny (Joron et al. 2006; Kronforst, Kapan, and Gilbert 2006; Pringle et al. 2007; 
Sahara et al. 2007; Beldade et al. 2009; Joron et al. 2011b; Reed et al. 2011; van’t Hof et 
al. 2011; Martin et al. 2012; van’t Hof et al. 2013; Ahola et al. 2014).  Conserved nuclear 
genes provide intraspecific markers for identifying presumptive homologous 
chromosomes and, subsequently, determining the level of synteny along each 
chromosome.  As more markers are added to a specific chromosome, the accuracy of 
predictions regarding the length, gene order, identity and the evolutionary history of the 
chromosome increases. While determining which linkage groups to genotype, highest 
priority was given to those linkage groups with only AFLP markers because orthologs 
cannot be identified with AFLP alone. 
 
Primer Design, PCR and Sequencing 
Any nuclear gene from our EST library that was already mapped in Heliconius or 
Bombyx mori was considered for mapping in the mapping family (Joron et al. 2006; 
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Pringle et al. 2007). Gene sequences were submitted to NCBI’s Basic Local Alignment 
Search Tool (BLAST) to confirm the identity of the Blast2Go annotation and then the 
Silkworm Database to confirm the position of the gene within the Bombyx mori genome. 
Genes that were not mapped in either Heliconius or Bombyx were not used for mapping. 
Genes with few to no known paralogs in B. mori were given precedence. PCR primers 
were generally limited to regions spanning a few hundred basepairs.  Primers were 
ordered from Integrated DNA Technologies (IDT) and their web software was used to set 
up parameters for primer design.  Most primers had a melting temperature of 55-
65°Celsius and a length of 24-27 bps.  Standard PCR reactions contained 10-100 ng 
DNA, 0.25 units of Platinum Taq DNA polymerase, 1X PCR Buffer, 0.2mM dNTPs, 
2.0mM MgCl2, 0.2 µM primers, purified water to 20 µl.  PCR amplification was as 
follows: an initial denature temperature of 95°C for 2 minutes then 10 cycles of 95°C for 
30 seconds, an annealing temperature of 45-60°C for 30 seconds (stepping down 1°C per 
cycle), followed by an elongation temperature of 70°C for 1 minute per estimated 1000 
basepairs being amplified.  This was followed by 30 cycles of 95°C for 30 seconds, 45-
60°C for 30 seconds, and 70°C for 1 minute per estimated 1000 basepairs being 
amplified.  A final elongation step of 5 minutes was followed with a decrease to a storage 
temperature of 4°C.  PCR product was then run at 200 volts for approximately 15 
minutes on a 1% agarose gel cast with 1X SB (Sodium borate) buffer. 
PCR product from the parental generation was sequenced. In order to perform 
successful sequencing reactions, unincorporated primers and dNTPs must be degraded. 
Both Exonuclease I (Exo) and Shrimp Akaline Phosphotase (SAP) were used to remove 
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unincorporated dNTPs and primers from PCR product before sequencing. Exonuclease I 
degrades primers and any other single stranded DNA that is present in the PCR product. 
SAP dephosphorylates all unincorporated dNTPs present in the PCR product removing 
the potential that these unlabeled dNTPs will interfere with the sequencing reactions. 0.5 
µl of both ExoI and SAP (Exo/SAP) were combined with 10 µl of PCR product and 
incubated at 37°C for 15 minutes. Enzymes were inactivated by heating the reaction 
mixture to 80°C for 20 minutes. 1 µl of the Exo/SAP product was then combined with 7 
µl water, 2.5 µl ABI BigDye terminator v3.1 sequencing buffer, 0.5 µl betaine, 0.5 µl 
primer, and 0.5 µl ABI ready reaction mix. Sequencing reactions had an initial melting 
temperature of 96°C for 1 minute followed by 35 cycles of 96°C for 30 seconds, 50°C for 
20 seconds, and of 60°C for 4 minutes. Sequencing product was diluted with 20 µl of 
water. Sephadex G-50 and Millipore filter plates were used for post-sequencing reaction 
removal of dye terminator, unincorporated nucleotides and other contaminate. 15 µl of 
the diluted sequencing product was then run on either an Applied Biosystems ABI Prism 
3100 Genetic Analyzer or an Applied Biosystems 3730 xl DNA analyzer.   
   
SNP marker scoring 
  For gene sequences with male-specific single nucleotide polymorphisms (SNP), a 
subset of individuals were sequenced to determine if the SNP was segregating in the 
mapping family.  For those genes confirmed to have segregating SNPs, the remainder of 
the mapping brood was sequenced.  Restriction enzymes specific for 1 of the 2 alleles 
were also used for genotyping. 5 genes were genotyped with a restriction enzyme specific 
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for the male SNP. Restriction enzyme digests were performed overnight with 
recommended reaction conditions on a subset of individuals at first, and then on the 
entire mapping family providing polymorphism was present.  Digest products were run 
out at 80 volts on a 2% agarose gel cast with 1X TAE (40mM Tris, 20mM acetic acid, 
1mM EDTA) until genotypes could be distinguished. 
 
Color Pattern Loci 
 Segregation for 2 wing patterning phenotypes was used to map two color pattern 
loci.  The white band (Wd) patterning locus is responsible for the presence or absence of 
a “white band” of scales that traverses the medial portion of both the fore- and hindwing. 
The parental male was heterozygous (no band) while the parental female was 
homozygous (white banded). The second wing patterning locus was responsible for the 
deposition of iridescent (ird) scales on the medial to submarginal hindwing.  Both wing 
patterning elements are thought to contribute to the ability of the mimetic form of 
Limenitis arthemis to resemble the model, Battus philenor (Platt and Brower 1968; Platt, 
Coppinger, and Brower 1971). Both parents were heterozygous for the ird locus.  Due to 
the absence of recombination in female Lepidoptera, the ird locus was thus only assigned 
to a linkage group.  Positioning of the ird locus accurately on a linkage group is 
impossible without known recombination values from both parents.  
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Linkage analysis 
  Genetic marker order and position were estimated using maximum-likelihood 
parameters to determine linkage. This analysis was performed in JoinMap 3.0 (Van 
Ooijen and Voorrips 2001). Before linkage groups were assigned, a chisquare was used 
to test for segregation distortion. Tests of independence were then used to examine the 
similarity of loci versus the similarity of individual genotypes to determine the fraction of 
identical genotypes across the population. A 95% threshold value is used to determine 
identical genotypes. When found, identical genotypes indicate probable errors 
somewhere in the process of either the generation of markers or marker analysis, though 
individuals with identical genotypes can, of course, occur naturally. Regardless, identical 
genotypes are uninformative for linkage analysis and are excluded from analysis in 
JoinMap. This linkage analysis contained no identical genotypes. 
 Following the initial analyses for segregation distortion and identical genotypes, 
logarithm of odds (LOD) scores are used to group populations of linked markers. Linkage 
groups are established by considering all recombination frequencies from the mapping 
family.  The LOD score compares the odds of observed genotypes to the odds of 
expected genotypes (loci are not linked and have a 50% chance of recombination). LOD 
scores above 3.0 for markers are considered significant evidence for linkage (95% 
probability). A LOD of 3.0 means the odds are 1000 to 1 in support of linkage for a given 
set of markers (4.0 LOD = 10,000:1, 5.0 LOD = 100,000:1, etc). Markers were separated 
into linkage groups and are selected for mapping at a minimum LOD score of 4.0. 
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 Pairwise recombination frequencies are essential for determining marker order. 
As the number of markers per linkage group increases, the computational load for 
determining marker order grows. For example, a linkage group with 10 markers has 1.8 
million possible orders. Loci are mapped by selecting a pair of loci with the strongest 
linkage and then adding markers one at a time. Every marker is added and a “goodness-
of-fit” measure is taken. The goodness-of-fit measure is a G2 likelihood ratio test which 
compares observed recombination frequencies and map derived recombination 
frequencies (LOD scores). When a single marker is added to a group of markers, each 
position within the group is compared for a best fit. A threshold value is used to decide 
whether or not a locus should remain. Final map distances were corrected using 
Kosambi’s mapping function. Kosambi’s mapping function optimizes linkage distance 
estimates by accounting for crossover interference based on the length of a given linkage 
group. The tendency for crossover interference diminishes at greater distances from an 
initial crossover event.  This function is designed to account for the observation that large 
chromosomes are more likely to have double crossovers than small chromosomes and 
results in shorter more accurate linkage maps than maps using Haldane’s mapping 
function which assumes complete interference (Huehn 2010). 
 
Results: 
The linkage map contains 547 genomic markers (Figure 3). There are 41 SNPs 
from 40 nuclear genes (2 introns from 1 gene) and 506 AFLP. 60 different primer pair 
combinations generated 2571 AFLP, an average of 42.3 markers per primer pair (Table 1 
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and 2). However, only 506 (19.7% of the AFLP) of these polymorphisms were 
diagnostic, mappable markers (present in the male, absent in the female and segregating 
in the progeny in a near 1:1 pattern). The number of AFLP markers varied from 5 to 29 
per linkage group. The total map distance is 2252 cM. Markers have been assigned to 30 
linkage groups with varying lengths from 48 cM to 106 cM and an average of 75 cM. The 
average distance between markers within linkage groups is 4.11 cM. The Limenitis 
arthemis genome size has been estimated to be 388 Mb (+/-7Mb) for females and 361 Mb 
(+/-4Mb) for males (Hanrahan and Johnston 2011). Since this map was based on 
recombination in the male parent, each cM represents approximately 160,298 base pairs, 
though, estimations of physical distances from linkage analysis should be taken with 
caution because the two measures are not co-linear. 30 of the 31 possible linkage groups 
(2 sex and 29 autosomal chromosomes) were mapped (Maeki and Remington 1960).  
Female Lepidopterans are the heterogametic sex having both Z and W chromosomes.  
Males are the homogametic sex and have two Z chromosomes. Therefore, the W 
chromosome is not represented in this map. 
Limenitis arthemis linkage groups were assigned identical numbers to Bombyx 
mori linkage groups based on homologies inferred from nuclear genes except where a 
clear homology could not be determined because of novel linkage relationships or the 
absence of a nuclear gene on that linkage group. 27 of 30 linkage groups have nuclear 
gene(s). 17 linkage groups have at least one gene, 8 linkage groups have 2 genes, and 2 
additional linkage groups have 3 genes and 4 genes. The linkage group containing the 
locus controlling the white banded phenotype in Limenitis arthemis has 2 nuclear genes.  
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8 of 9 linkage groups with more than 1 marker demonstrated synteny for the genotyped 
markers. The L. arthemis (30n) linkage map was compared to B. mori (28n) in order to 
determine synteny since the two lineages have nearly the same number of chromosomes. 
Only 3 of 41 markers (7.3%) had novel linkage assignments. This is consistent with more 
recent linkage mapping studies which also used the B. mori genome as a reference 
(Beldade et al. 2009 (~2%), Baxter et al. 2011 (3.7%), and Van’t Hof et al. 2012 (1.2%)). 
The novel linkage of these 3 markers in Limenitis suggest the possibility of chromosomal 
rearrangements of regions previously shown to be unlinked. 
 Both wing patterning phenotypes were mapped to linkage groups. Iridescence of 
the hindwing mapped to a linkage group containing 14 markers including 12 AFLP, 
ribosomal protein L22 (RpL22), and eukaryotic translation initiation factor 3 subunit B 
(eiF3-sB). This chromosome is 77.677 centiMorgans long (cM). Melanization of the 
medial fore- and hindwing mapped to a linkage group containing 20 markers including 
18 AFLP markers, vacuolar ATPase subunit C (Vma21), and Mediator complex subunit 
20 (Med20). This chromosome is 59.371 cM. Each of these linkage groups has been 
shown to contain wing patterning loci in other Lepidopterans. 
This first generation linkage map for L. arthemis compares favorably to other first 
generation (and even some second generation) maps of Lepidopterans. The L. arthemis 
map has more mapped markers than several first and some second generation linkage 
maps for Heliconius erato, H. melpomene, Bicyclus anynana, Bombyx mori, Plutella 
xylostella, Papilio dardanus, P. glaucus x P. canadensis, & Colias eurytheme x C. 
philodice (Tan et al. 2001; Wang and Porter 2004; Jiggins et al. 2005; Tobler et al. 2005; 
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Kapan et al. 2006; Kronforst et al. 2006; Baxter et al. 2008; Clark et al. 2008b; Van’t Hof 
et al. 2008; Winter and Porter 2010). Additionally, the average distance between markers 
was lower than any the aforementioned linkage map for Lepidopterans.  The distance 
between markers is a measure of map coverage and is important for localizing the 
genomic regions of interest. Only 4 of the 9 previous studies mentioned, had a 
chromosome number that corresponded to the number of linkage groups in their map. 
Any of these indicators suggest one or more possible issues with low marker density, 
small mapping populations, missing genotypes, or even genotyping errors. 
 
Discussion: 
Synteny Analysis 
The goal of the L. arthemis linkage map was to localize the genomic regions 
controlling wing patterning. This goal was pursued by adding 1 marker per B. mori 
chromosomes until the chromosomes controlling wing patterning elements were 
identified. Markers from 28 B. mori chromosomes were mapped to 27 Limenitis linkage 
groups. 3 markers were placed into novel linkage assignments. The novel linkage 
relationships occurred on linkage group 20.  Linkage group 20 contains the genes cubitus 
interruptus (ci), 90 kiloDalton heat shock protein (Hsp90), and Ribosomal protein S7 
(RpS7). Hsp90 and ci are linked in both B. mori and H. melpomene, while RpS7 is found 
on a separate linkage group. In all three moth species with mapping resources (P. 
xylostella, B. betularia, and B. mori), L. arthemis linkage group 20 is orthologous to two 
chromosomes (20 and 27), suggesting a fusion or some other type of chromosomal 
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rearrangment has occurred in Limenitis since they last shared a common ancestor. In B. 
anynana and H. melpomene chromosome 20 is also fused, but with different 
chromosomes in each species. In B. anynana, chromosome 20 is fused with chromosome 
28 (the wing patterning chromosome in L. arthemis) while chromosome 27 is unfused.  In 
H. melpomene, the homolog of B. mori and L. arthemis chromosome 20 is fused with the 
homolog of B. mori chromosome 8 while the homolog of B. mori chromosome 27 is 
fused with the homolog of B. mori chromosome 23. These results taken together suggest 
orthologous chromosomes seem to be independently and repeatedly fusing with different 
chromosomes during the evolution of butterflies. As genomic resources become available 
for more species of butterflies, it will be interesting to see if this trend is haphazard or the 
result of some type of recombinatory hotspots. There is already evidence in invertebrates 
that repetitive elements can lead to genetically unstable hotspots that rapidly accumulate 
transposons and other rearrangements in both flies and nematodes, but the extent of this 
phenomenon in other invertebrates is still unknown (Lyttle 1991; Mathiopoulos et al. 
1998; Cáceres, Puig, and Ruiz 2001). 
 
Wing patterning loci - ird 
 Iridesence (ird) was assigned to linkage group 17, but was not assigned to a 
position. Both the male and female parents of the mapping family were heterozygous for 
the phenotype. There is no crossing over in female Lepidopterans, and therefore, no 
recombination between any markers inherited from the maternal parent. Assignment of a 
linkage group is possible due to the complete linkage of all markers inherited from the 
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female, but it is impossible to place the marker accurately on the linkage group. Due to 
our inability to place the marker on the linkage group in relation to other markers, we 
could not identify the homologous genomic regions across species, and therefore, we did 
not fine map this chromosome. Despite our inability to position the locus among other 
genetic markers, this finding is very intriguing because wing patterning elements have 
been mapped to the homologous chromosome in B. mori, B. beularia, B. anynana, and 
Heliconius. 
 Several wing patterning loci in 4 different species of Heliconius butterflies have 
been mapped to orthologs of Limenitis linkage group 17 (Kronforst, Kapan, and Gilbert 
2006; Joron et al. 2006). In B. betularia, the carbonaria locus maps to the homologous 
linkage group (van’t Hof et al. 2011). In laboratory populations of B. mori, 2 wing 
patterning elements, black moth (Bm) and wild wing spot (Ws) map to linkage group 17 
(Beldade et al. 2009). In B. anynana, two wing patterning genes mapped to linkage group 
17, Bigeye and 067 (Beldade et al. 2009). Additionally, the bigeye locus is predicted to 
fall within the carbonaria locus and the loci of several species of Heliconius butterflies 
(Beldade et al. 2009; van’t Hof et al. 2011). Taken together, this suggests the possibility 
that the same gene or group of genes may underlie important wing patterning variation on 
this linkage group. However, future work is necessary to test this hypothesis because the 
gene(s) controlling wing patterning variation on this chromosome remain unidentified.  
 
Wing patterning loci – Wd 
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Optix and WntA are the only two genes with evidence suggesting they contain 
DNA variation which leads directly to wing patterning variation (Reed et al. 2011; Martin 
et al. 2012). However, outside of Heliconius, no link between optix and wing patterning 
variation has been found. WntA, however, has been linked to wing patterning changes in 
a number of species of Nymphalid butterflies (Martin and Reed 2014).  The white band 
(Wd) locus mapped to linkage group 28, the ortholog of H. melpomene linkage group 10 
which contains WntA. Wnt7 is also located on this chromosome. The potential 
contribution of the Wnt family to the evolution of Lepidopteran wing patterning is 
particularly intriguing because it is a signaling molecule. Both eyespots and the white 
band which traverses the fore- and hindwings in Limenitis are part of “symmetry 
systems.” Symmetry systems are hypothesized to have organizing centers that generate 
morphogens which produce symmetrical patterns (Schwanwitsch 1924; Nijhout 1991).  
Using the recombination frequency, we can estimate the current position of the Wd locus 
on the linkage map is around 3.4 Mbp from the end containing Med20 and Vma21. In B. 
mori genome, the distance from WntA to the end of the chromosome where these loci 
located is approximately 6.5 Mbp while Wnt7 is approximately 2.4 Mbp (Xia et al. 2004). 
Though genetic linkage maps can only estimate physical distances, this “window” 
supports the potential for either Wnt to be linked to wing patterning in Limenitis. 
However, additional genetic markers will be necessary to determine which gene(s) are 
linked to wing patterning switches in the L. arthemis species complex. 
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Conclusion: 
 The initial findings of this AFLP based genetic linkage map taken together with 
other recent findings in Heliconius suggest wing pattern elements may be controlled by a 
small number, of conserved genes (Reed et al. 2011; Martin et al. 2012; Martin and Reed 
2014; Gallant et al. 2014). Both wing patterning genes mapped in the Limenitis arthemis 
species complex, have orthologs with wing patterning loci in both closely and distantly 
related Lepidopterans (~65-140 million years). These findings are consistent with recent 
discoveries about wing patterning in Lepidopterans and add to the growing body of 
literature both suggesting and demonstrating a conserved genetic basis for many of the 
known wing patterning loci in heavily studied systems (Jiggins et al. 2005; Tobler et al. 
2005; Joron et al. 2006; Kapan et al. 2006; Kronforst et al. 2006; Kronforst, Kapan, and 
Gilbert 2006; Pringle et al. 2007; Papa et al. 2008; Beldade et al. 2009; Ferguson et al. 
2010; Joron et al. 2011a; Reed et al. 2011; van’t Hof et al. 2011; Martin et al. 2012; van’t 
Hof et al. 2013; Martin and Reed 2014; Gallant et al. 2014; Ito et al. 2015).  
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Chapter 3:  The genetic basis of mimetic wing patterning in the polytypic Limenitis 
arthemis species complex 
 
Introduction: 
Fine mapping is the process of targeting a specific linkage group from a genetic 
linkage map in order to reduce the size of a candidate region and identify genes linked to 
a phenotype of interest (Gibson and Muse 2009). Linkage maps are particularly useful 
when identifying the genetic basis of traits because they allow for the independent 
discovery of regions linked to phenotypes. Genes in complete genetic linkage with 
adaptive traits serve as a starting point for the exploration of specific genomic regions. 
For instance, genes linked to adaptive traits can be used to develop probes for generating 
a bacterial artificial chromosome (BAC) tile path, which spans the physical interval of the 
genome region housing causative mutations underlying specific traits. The resulting 
physical map of the region of interest can then be used to map resequencing reads from 
population samples to identify SNPs associated with phenotypic differences. Genes could 
also be examined for differential expression or differential isoform expression of 
transcripts during critical periods of development. Finally, candidate genes can be used 
for developing probes for in situ hybridization or immunohistochemistry. In fact, many of 
these techniques will be necessary to confidently link genetic variation to adaptive 
phenotypic variation. 
Fine mapping a region of interest is enhanced when resources of closely related 
species are both similar and predictable. To date, the genetic and genomic resources 
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currently available for Lepidopterans have successfully demonstrated genome size and 
gene order across the group is remarkably consistent (Pringle et al. 2007; Beldade et al. 
2009; Ahola et al. 2014). For instance, even though chromosome number can vary 
widely, species with fewer chromosomes have, on average, longer chromosomes, 
suggesting little is lost and gained during chromosomal rearrangements (White 1973). 
Additionally, comparative linkage maps and genome sequences have demonstrated high 
levels of synteny and suggest potential fissions and fusions that account for the 
differences in chromosome number among species examined (Yasukochi et al. 2006; 
Kronforst, Kapan, and Gilbert 2006; Joron et al. 2006; Pringle et al. 2007; Yasukochi et 
al. 2009; Beldade et al. 2009; d’Alençon et al. 2010a; Joron et al. 2011a; van’t Hof et al. 
2011; van’t Hof et al. 2013; Ahola et al. 2014). Most importantly, synteny allows for the 
targeting of specific genes found on homologous chromosomes and facilitates the process 
of gene discovery and association when fine mapping regions of interest. 
Lepidopteran synteny has provided a powerful framework to compare mapped 
wing patterning differences between taxa and the comparisons have already revealed 
evidence that some changes in wing patterning elements are controlled by the same 
gene(s) (Kronforst, Kapan, and Gilbert 2006; Joron et al. 2006; Beldade et al. 2009; Joron 
et al. 2011b; Reed et al. 2011; van’t Hof et al. 2011; Martin et al. 2012a; Monteiro 2015). 
In Heliconius, linkage maps have identified four genomic regions which control much of 
the variation in wing patterns among both similar and dissimilar phenotypes (Papa, 
Martin, and Reed 2008). Both ird (iridescence) and Wd (white medial band) wing 
patterning loci of the Limenitis arthemis species complex have mapped to homologous 
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linkage groups containing wing patterning genes in Heliconius. The ird locus maps to a 
linkage group found to contain loci controlling wing patterning variation in Heliconius 
cydno, H. erato, H. melpomene, H. numata, Bicyclus anynana, and in moths Biston 
betularia, and Bombyx.mori (Joron et al. 2006; Kronforst, Kapan, and Gilbert 2006; 
Beldade et al. 2009; van’t Hof et al. 2011; Joron et al. 2011a; Ito et al. 2015). No single 
gene has been linked to variation. Instead, a large chromosomal rearrangements is 
hypothesized to have created a supergene complex with anywhere from 18 up to 77 
candidate genes, depending on the species examined (Joron et al. 2011b; Ito et al. 2015). 
Only two of the four Heliconius loci have linkage and developmental functional data 
which suggest a causative relationship with shifts in wing patterning. 
Linkage mapping, developmental gene expression, immunohistochemistry and 
population genetic work have identified variation in the cis-regulatory region of the gene 
optix as a causative agent which underlies red wing patterning differences in Heliconius 
(Reed et al. 2011; Martin et al. 2014). However, the transcription factor optix has yet to 
be linked to red wing patterns outside of the Heliconiini tribe suggesting co-option of this 
gene to wing patterning is specific to this group. Similar work has also identified the gene 
WntA causes differences in wing patterns. WntA has been shown to explain differences in 
melanized wing patterns in several species of Nymphalid butterflies (Martin et al. 2012a; 
Martin and Reed 2014; Gallant et al. 2014). Intriguingly, wing patterning differences in 
the Limenitis arthemis species complex map to the homologous linkage group. Fine 
mapping the Wd locus in L. arthemis will allow us to test the hypothesis that the same 
genomic regions underlie wing patterning elements in butterfly radiations which last 
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shared a common ancestor approximately 65 million years ago (Heikkilä et al. 2012). 
Therefore, the goal of this research is to determine if WntA is linked to the Wd locus in 
the Limenitis arthemis species complex. In order to explore this hypothesis I present 1) a 
fine map of the Wd wing patterning linkage group of the Limenitis arthemis species 
complex which narrows the genomic region controlling wing patterning to a zero 
recombinant window, 2) a comparison of linkage relationships to a physical interval 
generated from a BAC tile path to assess competency of linkage assignments, and finally 
3) pharmacological agents, which both inhibit and expand the range of Wnt ligands, were 
injected during critical periods of development to examine the effect of these agents on 
the wing patterning variation linked to the Wd locus. 
 
Methods: 
Gene Identification on the wing patterning chromosome 
Additional genes for positional cloning were identified via a two-step process. 
First, the SilkMap tool on the Silkworm Database was used to identify additional nuclear 
genes for mapping (Xia et al. 2004). This tool provides a physical map of the B. mori 
genome. Starting from the end of the chromosome where Vma21 and Med20 were 
located, annotated genes for mapping were identified and sequences were downloaded. 
Limenitis specific primers for genes on the Wd linkage group were designed with the aid 
of expressed sequence tags (ESTs) generated from 454 pyrosequencing of 48 hour pupal 
wing disc cDNA. Blast2GO was used to annotate the genes in the EST library (Götz et al. 
2008). If the gene was available in the library, the Bombyx and Limenitis sequences were 
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aligned to confirm the match and to design primers to amplify predicted intronic regions. 
Those genes with paternal SNPs in the mapping family were genotyped. PCR, 
sequencing and linkage analysis protocols were as described in the previous chapter. 
 
BAC end sequence SNPs and the physical interval of the zero recombinant window 
 Positional cloning of the Wd locus candidate region was assisted by the use of an 
L. arthemis bacterial artificial chromosome (BAC) library.  The library contained several 
100-200 kbp genomic DNA inserts from L. arthemis. Probes against genes near and 
inside the candidate interval (Mat1 and WntA) were used to screen the BAC library for 
colonies that contained sequence from the candidate region. End sequences (Limenitis 
sequence adjoining the insertion point of the bacteria f-plasmid) were then amplified and 
inspected for SNPs in order to narrow the zero recombinant window, thus reducing the 
number of genes potentially linked to wing patterning and providing a physical 
estimation of the interval. Additionally, BAC contigs were assembled to produce a 
physical interval (~250 kb) for the verification of loci within and adjacent to the zero 
recombinant window. 
 
Sulfated polysaccharide injections 
 Heparin is an analog of heparan sulfate proteoglycans (HSPG). HSPGs are found 
on both the cell surface and within the extracellular matrix. HSPGs play a vital role in 
differentiation and proliferation of cells during development by promoting the mobility of 
morphogens. Previous work has shown HSPGs bind and expand extracellular 
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concentration gradients of Wnt family ligands (Reichsman, Smith, and Cumberledge 
1996; Perrimon and Bernfield 2000; Lin 2004; Yan and Lin 2009). Heparin injections 
have been shown to alter butterfly wing pattern elements in a dose- and stage-dependent 
manner (Serfas and Carroll 2005; Martin and Reed 2010; Martin et al. 2012b; Martin and 
Reed 2014). Injections have shown expansions of butterfly wing pattern elements 
associated with wg and WntA in Junonia coenia, Vanessa cardui, and Agraulis vanillae, 
(Serfas and Carroll 2005; Martin and Reed 2014), wg, Wnt6, Wnt10, and WntA 
expression in Euphydryas chalcedona (Martin and Reed 2014). In Heliconius, heparin 
injections expand pattern elements associated with WntA expression in 9 subspecies of 
Heliconius (Martin et al. 2012b). We expect to have similar results if WntA expression is 
necessary for the development of melanized scales in the fore- and hindwing of Limenitis 
arthermis. Though heparin could potentially have effects on a number of ligands (Serfas 
and Carroll 2005), any evidence of an expanded role should be analyzed with those genes 
most closely linked to the shift from mimetic to banded butterflies. Therefore, heparin 
injections are used to evaluate the potential involvement of a Wnt family ligand such as 
WntA and should be evaluated with evidence of genetic linkage determined by positional 
cloning (Martin et al. 2012b; Martin and Reed 2014). 
Dextran sulfate is also a sulfated polysaccharide. Dextran sulfate has been shown 
to have the opposite effects of heparin injections on butterfly wing patterns; sometimes 
contracting the range of pattern elements expanded due to heparin injections or nullifying 
the effects of heparin when coinjected (Serfas and Carroll 2005; Martin et al. 2012b; 
Martin and Reed 2014). Although the mechanism of inhibition is still not understood, 
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dextran sulfate injections have shown inhibition of pattern elements associated with wg 
and WntA expression in J. coenia (Serfas and Carroll 2005; Martin and Reed 2014) and 
the expression of wg, Wnt6, Wnt10, and WntA, in E. chalcedona (Martin and Reed 2014). 
Banded females from White Mountains National Forest in New Hampshire and 
mimetic females from Baltimore County in Maryland were captured. Lab reared progeny 
were mated to siblings to ensure true-breeding stock for injections. We used 3 treatments 
based on work in other lepidopteran species that isolated optimal doses of heparin and 
dextran sulfate (Serfas and Carroll 2005; Martin et al. 2012b; Martin and Reed 2014). 
Individuals of each phenotype were injected with 10 or 20 µl of heparin, dextran sulfate, 
or sterile water (N=12). Injections were performed 8-10 hours after pupation using a 
pulled glass micropipette mounted on a 10 µl cut pipette tip and a 2-20 µl pipette. Pupae 
were sterilized with ethanol prior to injection on the left side between the baso-posterior 
portions of the developing fore- and hindwings (Serfas and Carroll 2005; Martin et al. 
2012b; Martin and Reed 2014). Injected pupae were raised until eclosion. After eclosion, 
wings of adults were allowed to harden before the adults were archived and the wings 
were photographed. 
 
Results: 
Fine mapping of the Wd linkage group 
The linkage group containing the genomic regions controlling the Wd wing 
patterning locus has 17 AFLP markers and 19 different genes, which resulted in 17 
nuclear markers with at least one recombinant per locus (Figure 4). Wing patterning is 
 
 
59 
 
linked to WntA, ChitSynth1, and Chitsynth2. The additional loci decreased the size of the 
linkage group from 59.4 cM to 56 cM. The average distance between markers is 1.6 cM 
much lower than the 4.1 cM average for the whole map. The flanking markers are 1.1 cM 
and 0.9 cM from the region controlling wing patterning. The interval between 
recombinant genotypes (the zero recombinant window) is 2 cM, an estimated 321,000 
base pairs in length based on map length and the estimated size of the male Limenitis 
arthemis genome (Hanrahan and Johnston 2011). The final map contains 60 SNPs from 
57 conserved nuclear genes and 1 BAC end sequences (Table 2 and 3). 
 
Sulfated polysaccharide injections 
 Dose dependent changes due to heparin injections were observed in white banded, 
non-mimetic individuals. Individuals injected with 20 µg heparin had fully melanized, 
mimetic-like wing patterns while individuals injected with 10 µg had intermediate 
phenotypes with reduced white bands. Individuals injected with water showed no changes 
from their expected phenotype (Figure 5). Pattern changes were the only obvious 
difference between treatments and no deformities were observed in injected individuals 
for these 3 treatments (N=6, medial white band on fore- and hindwings). Injections of 
dextran sulfate, however, were unsuccessful in creating phenocopies. Both 10 and 20 µg 
injections of dextran sulfate (N=10, fully melanized medial bands on fore- and hindwing) 
resulted in severe wing deformities which we were unable to quantify while controls 
developed normally (N=4). 
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Discussion: 
Wd wing patterning locus 
The Wd locus was mapped to a zero recombinant window with the wing 
patterning gene WntA, consistent with the hypothesis that WntA contributes to wing 
patterning differences in the Limenitis arthemis species complex (Figure 4). Also, within 
the zero recombinant window are genes ChitSynth1 and ChitSynth2. Chitin synthase 
genes are expressed during development and are involved in biosynthesis of chitin, but 
they have not been linked to pigmentation in Lepidopterans (Qu and Yang 2012; Zhuo et 
al. 2014). Additionally, heparin injections acted in a dose dependent manner and resulted 
in melanized fore- and hindwings for butterflies homozygous for white medial banding 
(Figure 5). This finding was consistent with the hypothesis that WntA is contributing to 
the differences in mimetic and non-mimetic wing patterns in the Limenitis arthemis 
species complex. However, dextran sulfate injections were unable to produce a 
phenocopy of a nonmimetic wing pattern from a homozygous mimic. This result is not 
surprising given the discrepancy between published results for heparin and dextran 
sulfate injections. Heparin injections have been reported for Junonia coenia, Vanessa 
cardui, Agraulis vanillae, Euphydryas chalcedona, and 9 subspecies of Heliconius, 13 
different species, while dextran sulfate injections have been reported for only 2 species of 
butterflies, J. coenia and E. chalcedona (Serfas and Carroll 2005; Martin et al. 2012b; 
Martin and Reed 2014). All of these species are part of most speciose family of 
butterflies, Nymphalidae. The family can be split into two major clades, Nymphalines 
and Heliconiines (Wahlberg et al. 2009). 2 of 3 Nymphalines have data reported for 
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dextran sulfate injections. None of the 10 (11 including L. arthemis) Heliconiines have 
reported successful injections of dextran sulfate. Though maybe coincidental, a 
phylogenetic specific response to dextran sulfate can’t be ruled out, if in fact the reason 
for the lack of data is due to negative results not being published (Dirnagl and Lauritzen 
2010; Fanelli 2012; Matosin et al. 2014). Though our inability to recover data from 
dextran sulfate injections was disappointing, the heparin injections add to a growing body 
of experiments which demonstrate dose dependent effect of heparin on wing patterning 
elements associated with Wnts (Serfas and Carroll 2005; Martin et al. 2012a; Martin and 
Reed 2014; Gallant et al. 2014) 
The results of both fine mapping and heparin injections are consistent with the 
hypothesis that WntA contributes to wing patterning in L. arthemis. However, further 
experiments are necessary to determine the mechanisms for how this variation 
contributes to wing patterning differences. Variation in wing patterning due to WntA 
could be the result of cis-regulatory or protein coding differences, alternative splicing or 
other post-transcriptional regulation, or even spatiotemporal differences in expression 
(Gibson and Muse 2009). 
 
Synteny Analysis 
All nuclear loci added to the Limenitis arthemis linkage map are present on the B. 
mori homolog. There have been several rearrangements between the homologs of the two 
species since they last shared a common ancestor. However, the reorganization of the 
genetic markers on the linkage group could be explained by as few as 6 chromosomal 
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inversions. Though this reorganization could be an artifact of linkage mapping, the 
shuffled order of the loci is also consistent with findings in other Lepidopterans that show 
high levels of macrosynteny with local rearrangements (Beldade et al. 2009; Yasukochi 
et al. 2009; d’Alençon et al. 2010a; Ahola et al. 2014). As a result, Lepidopteran genomes 
have clusters of genes or microsyntenic blocks of genes occurring in identical order 
between species which have been suggested to be, at least in part, the result of 
holocentrism (Beldade et al. 2009; d’Alençon et al. 2010b; Ahola et al. 2014). 
The Wd locus of linkage group 28 has zero recombinants with several SNPs 
(figure 4) from intronic regions of WntA, 1 SNP from Chitin synthase 1 (ChitSynth1), 1 
SNP from ChitSynth2, and 1 SNP from a BAC end sequence, 60G18R (labeled simply 
with sample’s plate location and the direction of the primer from the plasmid vector 
insertion point). The zero recombinant window is flanked by Mat1 (3 recombinants) and 
a second BAC end sequence, 60N10R (1 recombinant). The linkage map estimated length 
of approximately 320 kb for the 2 cM interval is physically around 250 kb. Sequence data 
from 10 BAC inserts was used to assemble a tile path across the region resulting in full 
genomic coverage across approximately 300 kb (Gallant et al. 2014). H. melpomene & B. 
mori share a microsyntenic block of 10 genes from this homologous region (Martin et al. 
2012b). This is a distance of approximately 450 kb in B. mori (Xia et al. 2004) though an 
approximate number in H. melpomene is impossible to predict due to an assemble gap, 
but the distance is at least 200 kbp (Martin et al. 2012b). This block of conserved genes 
between H. melpomene & B. mori is 5 times larger than the average microsyntenic block 
between B. mori genome and the BACs of  H. armigera and S. frugiperda, two species of 
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moth (d’Alençon et al. 2010a). This highly conserved interval seems to have undergone 
little change in these lineages for more than 120 MY, the estimated time when all three 
genera last shared a common ancestor. 
The predicted order of Limenitis nuclear markers Poxn to BAC-60N10R of LG 28 
are identical to the physical order of the loci as confirmed by a BAC tile path of the 
region (Gallant et al. 2014). When the genes across this region are compared to scaffolds 
from B. mori and H. melpomene, the distance between these genes in H. melpomene and 
L arthemis is similar, approximately 150 kb (figure 6). However in B. mori, the distance 
is much greater due to chromosomal recombination since the lineages last shared a 
common ancestor. The exact distance in B. mori is unknown due to an assembly gap, but 
the region spans at least 400 kb. These results are not surprising given a recent 
comparison between the genomes of Melitaea cinxia and B. mori of 4,485 homologous 
genes and M. cinxia and Heliconius melpomene of 3,869 genes where 96% of these genes 
mapped to homologous chromosomes (Ahola et al. 2014). Unfortunately, despite the 
large number of homologous markers, no estimation for microsyntenic blocks size was 
given. As expected from previous work, several markers suggested many fusions and 
fissions with little to no loss of DNA in the genome (Ahola et al. 2014). 
 
Conclusion: 
Subsequent work on WntA in the L. arthemis species complex has resulted in 
additional lines of evidence that WntA contributes to adaptive phenotypic differences. 
Although neither WntA RNA expression nor in situ hybridization found evidence of 
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differential expression of exons, RNA sequencing (RNAseq) showed differential 
expression of exon 1 (Gallant et al. 2014). RNAseq is a powerful genomic tool which is 
able to reveal differential expression of exons (Anders, Reyes, and Huber 2012). Both 
log-scaled RNAseq read counts and modeled exon expression using DEXseq software, 
identified upregulation of WntA exon 1 during the 5th instar stage of the mimetic 
phenotype (Gallant et al. 2014). Exon 1 is a 5’-untranslated region (UTR). UTRs have 
been shown to influence translation efficiency and mRNA stability (Hughes 2006). 
The BAC tile path was used as a scaffold for the analysis of 30 L. arthemis 
genomes. Alignment of these individuals (which included mapping brood parents) 
identified a 30 kb haplotype with 173 SNPs in complete linkage disequilibrium with wing 
patterning. This region is 23 kb upstream of the 5’ coding region of WntA (exon 2). 120 
additional L. arthemis across a transect spanning the hybrid zone were genotyped and 
again showed perfect linkage disquilibrium (Gallant et al. 2014). No other regions of the 
genome or exons of WntA were associated with differences in phenotype or the linked 
SNPs, suggesting the switch between phenotypes is not controlled by coding region 
differences. A closer examination of the 60 kb interval of intron 1 revealed a 9 kb long 
interspersed element (LINE) retrotransposon, present in mimics and absent in white 
banded, non-mimics (Gallant et al. 2014). LINE retrotransposons have been shown to be 
heavily methylated and are non-homologous, which could account for the reduced 
recombination rates across the region in L. arthemis (Dooner and He 2008; Gallant et al. 
2014). Addtionally, the 5’ UTR contains a predicted internal ribosome entry site (IRES) 
which could mediate protein translation via a post-trancriptionl regulatory mechanism 
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(Spriggs and Bushell 2005; Hughes 2006; Gallant et al. 2014). These findings taken 
together, suggest the differential translation of the 5’ UTR of WntA mRNA in 5th instar 
larva just prior to pupation underlies the shift from mimetic to white banded wing 
patterning in L. arthemis (Gallant et al. 2014). Immunohistochemistry could be used to 
test this hypothesis by determining the range and concentration of WntA ligands in the 
developing wing discs of both mimetic and non-mimetic phenotypes. 
The contribution of WntA to the evolution of wing patterning in Nymphalid 
butterflies is just beginning to be understood. Genetic and population genomic work in 
Limenitis and Heliconius has independently identified mutational variants upstream of the 
5’ coding region of WntA which are responsible for various wing patterning differences 
between species within each lineage (Martin et al. 2012b; Gallant et al. 2014). The 
independent and parallel evolution of this region, despite 65 MY of divergence, suggests 
this gene could be important for the evolution of wing patterning in other Lepidopterans 
as well. Additionally, the expression of Wnts and the pharmacological manipulation of 
their expression domains in the Nymphalid butterflies Euphydryas chalcedona, Agraulis 
vanillae, Vanessa cardui, and Junonia coenia, suggests WntA and several other Wnts may 
be responsible for shifts in wing patterning phenotypes across many species of 
Nymphalid butterflies (Martin and Reed 2014). Specialized functionality of Wnts may 
arise from intrinsic differences, via sequence variation or context-dependent differences 
which rely on the presence or absence, spatially or temporally, of interacting molecules. 
Expression analysis of Wnt family genes in several metazoans has suggested various 
Wnts often share or are able to rescue biochemical activities of other Wnts (Murat, 
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Hopfen, and McGregor 2010). The functional redundancy of conserved gene families 
(like Wnt) has been suggested to result in developmental diversification (Carroll 1994; 
Panganiban et al. 1997; True and Carroll 2002; Prud’homme, Gompel, and Carroll 2007). 
Where several protein family members are able to perform the same spatiotemporal 
function, relaxation of selection is expected as long as one family member continues to 
serve functions under strong selection (Ohno 1970; Logan and Nusse 2004). Though the 
regulatory mechanism by which WntA alters wing patterns is not currently understood, 
evidence suggests the gene contributes to the melanization of wing pattern elements in 
several species of Nymphalid butterflies. The redeployment or parallelism in the 
evolution and association of WntA with wing patterning also demonstrates the potential 
predictability of evolution, especially where the same gene in distantly related lineages is 
under selection (Gallant et al. 2014). 
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Chapter 4: The evolution of mimicry in the polytypic Limenitis arthemis species 
complex: Ecological genes and the strong forces behind weak population structure 
 
Introduction: 
 The genetic divergence underlying adaptations is vital to our understanding of 
how populations change over time and whether the process is, in some way, predictable. 
Predicting how selective pressures might change the genetics and phenotypes of 
populations relies upon our ability to reconstruct how past selective pressures generated 
present levels of genetic diversity. For hybridizing taxa with ecological barriers to gene 
exchange, relating adaptations to genetic differences is complicated by the amount of 
gene flow. When introgression is high between hybridizing taxa with an ecological 
barrier, only those regions controlled by or linked to differences in ecological fitness are 
expected to remain distinct. Other regions of the genome would be marked by 
genealogical discordance or the tendency for different genes or regions of the genome to 
have different evolutionary relationships (Harrison and Bogdanowicz 1996; Hawthorne 
and Via 2001; Via and West 2008; Nosil, Funk, and Ortiz-Barrientos 2009; Via 2009). 
The homogenization of loci due to admixture results in weak population structure for all 
regions of the genome with little or no effect on the reproductive fitness of the two 
populations except those regions controlling or closely linked to important adaptations 
(Harrison 1990a; Harrison 1990b; Via 2009). Therefore, genomic regions controlling or 
linked to adaptive phenotypic divergence between populations of hybridizing taxa may 
present the best opportunity for reconstructing phylogenetic relationships among taxa 
who otherwise show weak population structure for most loci. For many taxa the link 
between adaptive phenotypes and the genes that cause them in natural populations 
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remains elusive, but for a few, well-studied systems, adaptive changes have been 
identified and have provided important evidence for understanding historical 
relationships between closely related taxa (Sucena et al. 2003; Nachman, Hoekstra, and 
D’Agostino 2003; Shapiro et al. 2004; Colosimo et al. 2005; Mundy 2005; Hoekstra et al. 
2006; Protas et al. 2006; Steiner et al. 2009; Reed et al. 2011; Martin et al. 2012; Gallant 
et al. 2014). 
In Limenitis butterflies, hybridization has been known to occur between all 
Nearctic species in the genus (Platt and Brower 1968; Mullen 2006; Mullen, Dopman, 
and Harrison 2008). Additionally, all members of the North American genus can produce 
viable offspring in laboratory crosses (Platt 1983). Despite the potential for hybridization, 
some molecular characters have shown significant population structure for most taxa and 
have supported several hypotheses about the evolution of the Nearctic members of the 
group (Mullen 2006). However, due to ongoing hybridization between L. a. arthemis and 
L. a. astyanax, the historical relationships among members of the polytypic Limenitis 
arethmis species complex and the history of mimicry in the species has been difficult to 
characterize (Mullen, Dopman, and Harrison 2008; Prudic and Oliver 2008; Savage and 
Mullen 2009). Indeed, recent attempts to reconstruct the evolutionary relationship of the 
L. arthemis species complex have generated complicated results and conflicting 
interpretations (Mullen 2006; Mullen, Dopman, and Harrison 2008; Prudic and Oliver 
2008; Savage and Mullen 2009). At the center of the controversy is the frequency with 
which mimicry has evolved in the complex. Both L. a. arizonensis and L. a. astyanax are 
purported mimics of the pipevine swallowtail (Battus philenor). Based strictly on wing 
patterning, one would hypothesize the two mimetic taxa are more closely related to each 
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other than they are to the ancestral, non-mimetic phenotype, L. a. arthemis. However, 
most molecular data fails to reveal concordance between wing pattern phenotypes and 
often results in poor population structure for the hybridizing populations of L. a. arthemis 
and L. a. astyanax (Mullen 2006; Mullen, Dopman, and Harrison 2008; Prudic and Oliver 
2008; Savage and Mullen 2009). Given the data currently available, three equally 
plausible scenarios could have occurred (Figure 7). First, mimicry could have evolved 
once followed by vicariance of mimetic populations. Second, mimicry could have 
evolved twice. Finally, mimicry could have evolved once, followed by vicariance and a 
reversion to the ancestral phenotype parapatric to the mimic (two phenotypes in adjacent 
populations; mimetic only where the model occurs). 
Phylogenies have been based upon several loci from mitochondrial and nuclear 
DNA (Mullen 2006; Mullen, Dopman, and Harrison 2008; Prudic and Oliver 2008; 
Oliver and Prudic 2010). In addition to nuclear loci, nuclear DNA has been used to 
generate AFLP for phylogenetic analysis of Nearctic admirals (Savage and Mullen 2009). 
However, no loci linked to the genomic interval which causes the major switch in wing 
patterning between L. a. arthemis and L. a. astyanax have ever been examined. 
Therefore, the genomic interval linked to wing patterning provides a new and excellent 
opportunity to explore the evolutionary relationships among the members of the Limenitis 
arthemis species complex. Here I present phylogenetic analyses based upon gene regions 
linked to the Wd wing patterning locus (WntA and Mat1), a gene linked to wing 
patterning in Heliconius (optix), a gene associated with orange and black wing patterning 
in discal spots of Limenitis arthemis (wg), and a gene from the Z chromosome (TPI) 
which is expected to evolve much slower than neutral regions of the genome (Reed et al. 
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2011; Sahara, Yoshido, and Traut 2012; Gallant et al. 2014) and may retain a 
phylogenetic signal despite hybridization. This data, taken together with previous work in 
the genus will contribute to the characterization of the genealogical relationships between 
these molecular characters and hypothesized relationships among various wing pattern 
forms for six Nearctic taxa and two Palearctic outgroups. 
 
Methods: 
Taxon Sampling 
Six species of Limenitis were sampled in order to explore the evolution of the 
region linked to wing patterning in the L. arthemis species complex in all Nearctic 
Limenitis (Figure 8; Table 3). We used three subspecies from the L. arthemis species 
complex (L. a. arthemis, L. a. astyanax, and L. a. arizonensis), the three remaining 
Nearctic species (L. archippus, L. lorquini, and L. weidemeyerii) and two Palearctic 
species (L. populi and L. reducta). L. reducta was not included in combined sequence 
analyses because data was missing for WntA 5’, Mat1, and TPI. Previous molecular 
analysis of the L. arthemis-astyanax hybrid zone demonstrated introgression that 
supported the hypothesis that the hybrid zone is the result of secondary contact (Mullen, 
Dopman, and Harrison 2008). Since we wanted to recover the historical relationships 
between the members of the L. arthemis species complex, we chose populations outside 
of the zone of hybridization. These populations would be expected to maintain levels of 
primary divergence longer than individuals within or near the hybrid zone. Phylogenetic 
analysis has supported the hypothesis that Nearctic Limenitis are monophyletic (Mullen 
2006; Prudic and Oliver 2008; Savage and Mullen 2009), therefore the Palearctic L. 
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populi and L. reducta are serving as an outgroup for our gene trees. Identical sequences 
were removed from the analysis. 
 
Primer Design, PCR and Sequencing 
 DNA was extracted and isolated from flight muscle tissue using a Qiagen DNeasy 
Blood and Tissue Kit. DNA concentrations were standardized by spectrophotometry. 
Portions of 5 genes were sequenced; wingless (wg), optix, TPI, Mat1, and two regions of 
WntA. Standard PCR reactions contained 10-100 ng DNA, 0.25 units of Platinum Taq 
DNA polymerase, 1X PCR Buffer, 0.2mM dNTPs, 2.0mM MgCl2, 0.2 µM primers, 
purified water to 20 µl. PCR amplification was as follows: an initial denature temperature 
of 95°C for 5 minutes then 10 cycles of 95°C for 30 seconds, an annealing temperature of 
45-60°C for 30 seconds (stepping down 1°C per cycle), followed by an elongation 
temperature of 70°C for 1 minute per estimated 1000 basepairs being amplified. This was 
followed by 30 cycles of 95°C for 30 seconds, 45-60°C for 30 seconds, and 70°C for 1 
minute per estimated 1000 basepairs being amplified. A final elongation step of 5 
minutes was followed with a decrease to a storage temperature of 4°C. PCR product was 
then run at 200 volts for approximately 15 minutes on a 1% agarose gel cast with 1X SB 
(Sodium borate) buffer to assess PCR results. Those samples with a single band on an 
agarose gel were cleaned and sequenced as described in chapter two.  
 
Phylogenetic analysis 
 5 genes (6 regions) were individually analyzed (Figures 9-14). Additional 
concatenations of sequences were used to examine the cumulative phylogenetic signal of 
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the region controlling wing patterning (Figures 15-19). Two regions of WntA (5’ and 3’) 
were concatenated to examine the signal of the gene associated with switches in wing 
patterning. Mat1 was concatenated with the two regions of WntA, resulting in sequences 
flanking the 5’ UTR containing causal variation for wing patterning switches. All loci 
minus WntA and all loci combined were also analyzed. Additionally, all combinations of 
loci were analyzed with the WntA 5’ or WntA 3’ locus. 
All sequence data was analyzed using maximum likelihood (ML) and Bayesian 
inference (BI). Genomic DNA sequences were aligned with ClustalW in Geneious 
(Larkin et al. 2007; Kearse et al. 2012). Alignments were checked by eye before 
phylogenetic analyses. BI analyses were performed in MrBayes 3.2.6 (Huelsenbeck and 
Ronquist 2001). Since MrBayes 3.2.6 samples across the entire general time-reversible 
(GTR) model space, a priori DNA substitution model testing is considered “superfluous” 
(Ronquist et al. 2012). Therefore, Bayesian analyses were performed using GTR + Γ 
model. Four chains, one cold and three heated (0.2 temp), were used for a series of 
Markov Chain Monte Carlo (MCMC) searches of varying length and sampled every 100 
generations. Final search ran for 5 million generations and resulted in split frequencies 
less than 0.002. First 10,000 trees were discarded as burn-in and a majority rule 
consensus tree was generated with nodal support for topologies assessed using posterior 
probabilities. 
ML analyses were performed using PhyML (Guindon and Gascuel 2003; Guindon 
et al. 2005). Smart model selection (SMS) was used to determine the best model of DNA 
sequence evolution. SMS uses both the Aikake Information Criterion (AIC) and the 
Bayesian Information Criterion (BIC) to select the best model for each data set. AIC was 
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also used in jModelTest to determine a best model of sequence evolution (Posada 2008). 
Both analyses use distance-based neighbor-joining methods to explore model parameters. 
Selected models of sequence evolution differed for Mat1, optix, and TPI. For genes 
sequences which fit multiple models of DNA evolution, the SMS model was chosen 
because this model reported the most conservative support values. Models used in 
PhyML analyses are as follows: HKY + Γ for both regions of WntA, GTR for Mat1 and 
TPI, GTR + Γ for wg, and GTR + I + Γ for optix. Nodal support for topologies was 
determined by using 10,000 bootstrap replicates. For concatenated sequences we used a 
GTR model with gamma distribution estimated during the analysis. 
  
Results: 
Phylogenetic relationships 
 All five genes (6 regions) have moderate to strong nodal support for a Nearctic 
clade with L. populi as the outgroup (Figures 9-14). Tree topologies for optix (Figure 13) 
and TPI (Figure 14) have low nodal support among Nearctic admirals with polyphyletic 
relationships for several species. Both of these genes also show little sequence divergence 
and as a result, are uninformative for determining historical relationships between 
species. For the 3 remaining genes (4 regions; Figures 9-12), only the WntA 3’ locus had 
a fully resolved topology free of polytomies between all Nearctic species in the genus 
(Figure 10). This locus was the only region that resulted in a monophyly for the L. 
arthemis species complex. In this analysis, L. a. arthemis was the sister group to the L. a. 
astyanax and L. a. arizonensis clade. Though Bayesian support for this relationship is 
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strong with high posterior probabilities, bootstrap values are low at just under 50 (the 
typical threshold for reporting such values). 
 All combined analyses resulted in strong support for a monophyletic Nearctic 
clade with L. populi as the outgroup and most had L. archippus as the basal North 
American lineage (Figure 15-19). These same analyses have L. lorquini and L. 
weidemeyerii as a well-supported monophyletic group. The relationships of the remaining 
taxa depends on the genes involved in the analysis. Strong nodal support for a mimetic 
clade was reported for two of five combined analyses (Figures 18-19). Analysis of WntA 
3’ concatenated with Mat1 results in strong support for a mimetic clade (Figure 18). In an 
analysis of all loci excluding WntA 5’ (five loci), L. a. arthemis is the sister group to the 
mimetic sister taxa, L. a. arizonensis and L. a. astyanax (Figure 19). Both of these 
topologies support the hypothesis that mimicry evolved once. However, any combined 
analysis containing WntA 5’ has strong nodal support for a monophyletic clade with L. a. 
arizonensis as the sister group to L. a. astyanax and L. a. arthemis (Figures 15-17). 
 
Discussion: 
Analysis of DNA sequences from five genomic regions (3070 basepairs), 
including 2 loci spanning the region linked to wing patterning switches in the L. arthemis 
species complex, supports the hypothesis that mimetic wing patterning evolved once in 
the clade (Figure 19). The topology for the WntA 3’ locus (Figure 10), in particular, has 
strong posterior probability and moderate bootstrap support for a monophyletic 
relationship between L. a. arizonensis and L. a. astyanax with L. a. arthemis basal to the 
group (Figure 10). This relationship is reinforced by several combined analyses that 
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include this locus (Figures 18-19). In fact, most analyses that contains the WntA 3’ locus 
recover this topology. However, any analysis containing the WntA 5’ locus results in L. a. 
astyanax and L. a. arthemis as sister taxa, a topology that does not directly support the 
hypothesis of a single origin of mimicry (Figures 15-17). We expected the region most 
closely linked to wing patterning variation would demonstrate which populations were 
more closely related and anticipated similar results from two regions of a single gene. 
This finding could be due to ongoing hybridization between the two eastern taxa, L. a. 
astyanax and L. a. arthemis. Genealogical discordance was expected based on previous 
work in the genus (Mullen 2006; Mullen, Dopman, and Harrison 2008; Prudic and Oliver 
2008; Savage and Mullen 2009; Oliver and Prudic 2010). Results from this study and 
previous studies have demonstrated various relationships depending on the loci chosen 
for analysis, but all of these findings are consistent with scenarios where young 
populations haven’t yet diverged completely (incomplete lineage sorting) and where two 
populations are hybridizing with introgression (Funk and Omland 2003; Dopman et al. 
2005; Anderson et al. 2009). Phylogenetic analyses in Nearctic admirals, though 
complicated, when considered together with historical climate and fossil records, allow a 
clear picture of the history of wing patterning in the L. arthemis species complex (Mullen 
2006; Mullen, Dopman, and Harrison 2008; Savage and Mullen 2009). Genealogical 
discordance in analyses to date can be explained by the following scenario. A single 
origin of mimicry in L. arthemis from a white banded ancestor followed by Pleistocene 
vicariance of two mimetic populations and a white banded population. Populations then 
undergo divergence in glacial refugia. As glaciers recede, the subsequent range 
expansions of both eastern populations led to introgressive hybridization between the 
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mimetic and nonmimetic wing pattern forms, resulting in genealogical discordance in this 
species complex (Mullen 2006; Mullen, Dopman, and Harrison 2008; Prudic and Oliver 
2008). AFLP data, the only phylogenetic analysis to cover the entire genome, supports 
the hypothesis of a single origin of mimicry (Savage and Mullen 2009). Phylogenetic 
analyses based on mitochondrial DNA shows introgression of alleles and distinct 
population structure outside of the hybrid zone (Mullen 2006; Mullen, Dopman, and 
Harrison 2008). Distinct mitochondrial haplotypes outside of the hybrid zone, support the 
hypothesis that L. a. arthemis and L. a. astyanax were historically separated and diverged 
in allopatry (Mullen 2006; Mullen, Dopman, and Harrison 2008). If the two subspecies 
had been in contact since the evolution of mimicry and L. a. arthemis had evolved 
because range expansion supported a reversion to an ancestral phenotype in those areas 
outside of the range of the chemically defended model, then we would expect to see very 
little population structure between wing pattern races (Mullen 2006; Mullen, Dopman, 
and Harrison 2008; Savage and Mullen 2009). 
We hypothesized that regions linked to wing patterning would preserve a 
phylogenetic signal and therefore reveal the history of mimicry in the species complex. 
Instead, we again see results complicated by genealogical discordance. If we examine 
Mat1 and the 3’ locus of WntA, the results suggest a single origin of mimicry. If we 
examine Mat1 and the 5’ locus of WntA, the results suggest do not directly support a 
single origin of mimicry. These findings suggest, therefore, that even a single gene linked 
to a trait and predicted to show a phylogenetic signal for the evolution of the trait, can 
show genealogical discordance. However, coverage across this region is not extensive 
(Figure 20). There are approximately 90,000 basepairs between the Mat1 locus and the 
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WntA 3’ locus. We were able to analyze 1834 basepairs, representing about ~1.8% of the 
potential nucleotides in the region. Therefore, in species with genealogical discordance, 
due to the result of some combination of incomplete lineage sorting and introgressive 
hybridization, extensive sampling of regions linked to a trait of interest may ultimately be 
necessary in order to fully support any hypothetical evolutionary relationships. Though 
traditionally genealogical discordance is viewed as an obstacle to understanding the 
evolutionary relationships among species, the process can also be considered an 
opportunity to examine regions currently diverging and thus providing an opportunity to 
examine potential processes that may be directly involved in divergence before species 
are reproductively isolated. Future work should focus on an analysis of the full genomic 
sequence from the region in order to understand the evolutionary history of mimicry in 
the genus. 
 
Conclusion: 
WntA and Mat1 represent genes closely linked to wing patterning switches in the 
L. arthemis species complex. A 5’ UTR, located between these genes, contains 173 SNPs 
perfectly associated with wing pattern variation in the species complex (Gallant et al. 
2014). For hybridizing populations, regions linked to ecological divergence are 
hypothesized to contain diagnostic variation that can be used to understand evolutionary 
histories of closely related species (Wu 2001; Emelianov, Marec, and Mallet 2004; Nosil, 
Funk, and Ortiz-Barrientos 2009). However, variation linked to divergence can be 
remarkably small compared to the size of the genome and thus dubbed genomic “islands” 
of divergence (Turner, Hahn, and Nuzhdin 2005; Nosil, Funk, and Ortiz-Barrientos 
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2009). Our data supports this view that regions of linkage disequilibrium between closely 
related species do breakdown quickly and patterns of DNA variation because of ongoing 
hybridization can result in a type of mosaic, even at loci closely linked to ecological 
divergence. Interestingly, the region closest to the fixed haplotype between the eastern 
subspecies is a region which reflects introgression due to ongoing hybridization. The 
sequence from this 5’ locus was largely intronic and though it was closer to a fixed 
haplotype than the 3’ locus, it is also 23,000 basepairs from the fixed haplotype. In 
general, introns are expected to be under less selective pressure than exon. The WntA 3’ 
locus is largely exonic and contains a very small intron. Therefore, ongoing hybridization 
resulting differential introgression between the 5’ and 3’ loci of WntA might explain the 
differences. If this hypothesis is correct, the 5’ locus contains more introgression while 
the 3’ locus maintains ancestral relationships and therefore, reflects the history of wing 
patterning in this species complex. Future work should focus on sampling more DNA 
sequence from this region. The present study sampled just under 2% of the available 
variation in the region. Efforts to characterize the history of mimicry in the species 
complex, should attempt to recover the majority of DNA sequence linked to the region 
controlling wing patterning in order to fully characterize the region and the evolution of 
mimicry in L arthemis. 
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Figure 1. North American Admirals (Nymphalidae: Limenitis). The Limenitis 
arthemis species complex (top row) and 3 remaining species of Nearctic admirals. 
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Figure 2. Distribution of the polytypic Limenitis arthemis species complex.  
Purported mimics, L. a. astyanax & L. a. arizonensis are allopatric, but both species 
co-occur with the chemically defended and widely distributed model, Battus 
philenor. 
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Figure 3a. Linkage groups Z – 5 of AFLP-based genetic linkage map of Limenitis 
arthemis. AFLP marker names in black are assigned with a combination of EcoR1 primer 
specific codons, Mse1 primer specific codons, and AFLP marker size. 
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Figure 3b. Linkage groups 6 – 10 of AFLP-based genetic linkage map of Limenitis 
arthemis. 
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Figure 3c. Linkage groups 11 – 15 of AFLP-based genetic linkage map of Limenitis 
arthemis. 
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Figure 3d. Linkage groups 16 – 20 of AFLP-based genetic linkage map of Limenitis 
arthemis. Ird locus is listed below linkage group 17 because it cannot be assigned a 
position due to a heterozygous maternal genotype in the mapping family and the absence 
of recombination in female Lepidoptera. 
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Figure 3e. Linkage groups 21 – 25 of AFLP-based genetic linkage map of Limenitis 
arthemis. 
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Figure 3f. Linkage groups 26 – 30 of AFLP-based genetic linkage map of Limenitis 
arthemis. Wing patterning locus Wd is located on linkage group 28. 
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Figure 4. Fine mapped linkage group 28. AFLP based markers are black and SNPs are 
red. All genes falling within a window of zero recombination with the Wd locus are 
green. The number of recombinants between the Wd locus and other markers are listed to 
the right of SNPs syntenic with the candidate wing patterning region. 
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Figure 5. Adult wings of heparin or water injected non-mimetics 8 -16 hours post 
pupation. Brackets indicate the position of a white band on fore- and hindwings which 
should be present in these homozygous individuals. Pupae injected with water produce a 
medial white band on both wings (n=6). Injections with 10 µg (n=3) and 20 µg (n=3) of 
heparin resulted in the enlargement of Wnt associated pattern elements, including the 
melanization of the medial fore- and hindwings and chevrons along the distal edge of the 
hindwing. 
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Figure 6. Approximate genomic intervals of wing patterning candidate region of L. 
arthemis, Bombyx mori, and Heliconius melpomene. 
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Figure 7. Hypotheses explaining the evolution of wing pattern mimicry. First, 
mimicry could have evolved once followed by vicariance of mimietic populations. 
Second, mimicry could have twice. Third, mimicry could have evolved once, followed by 
vicariance and a reversion to the ancestral phenotype parapatric to the mimic. 
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Figure 8. Wing pattern phenotypes of Limenitis butterflies. For each species pictured, 
the dorsal wing patterns are on the left side and the ventral wing patterns are on the right 
side. 
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Figure 9. WntA 5’ Bayesian and maximum likelihood consensus trees. Bayesian 
posterior probabilities and tree on left, maximum likelihood with bootstrap values on 
right. 
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Figure 10. WntA 3’ Bayesian and maximum likelihood consensus trees. Bayesian 
posterior probabilities and tree on left, maximum likelihood with bootstrap values on 
right. 
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Figure 11. Mat1 Bayesian and maximum likelihood consensus trees. Bayesian 
posterior probabilities and tree on left, maximum likelihood with bootstrap values on 
right. 
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Figure 12. wingless Bayesian and maximum likelihood consensus trees. Bayesian 
posterior probabilities and tree on left, maximum likelihood with bootstrap values on 
right. 
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Figure 13. optix Bayesian and maximum likelihood consensus trees. Bayesian 
posterior probabilities and tree on left, maximum likelihood with bootstrap values on 
right. Trees based on 501 bp sequence. 
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Figure 14. TPI Bayesian and maximum likelihood consensus trees. Bayesian posterior 
probabilities and tree on left, maximum likelihood with bootstrap values on right. Trees 
based on 511 bp sequence. 
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Figure 15. WntA combined analysis Bayesian and maximum likelihood consensus 
trees. Bayesian posterior probabilities and tree on left, maximum likelihood with 
bootstrap values on right. Trees based combined sequences totaling 1288 bp. 
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Figure 16. Wing patterning interval (WntA and Mat1) combined analysis Bayesian 
and maximum likelihood consensus trees. Bayesian posterior probabilities and tree on 
left, maximum likelihood with bootstrap values on right. Trees based on combined 
sequences totaling 1715 bp. 
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Figure 17. Combined analysis (all genes) Bayesian and maximum likelihood 
consensus trees. Bayesian posterior probabilities and tree on left, maximum likelihood 
with bootstrap values on right. Trees based on combined sequences totaling 3508 bp. 
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Figure 18. WntA 3’ and Mat1 combined analysis Bayesian and maximum likelihood 
consensus trees. Bayesian posterior probabilities and tree on left, maximum likelihood 
with bootstrap values on right. Trees based on combined sequences totaling 1029 bp. 
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Figure 19. Combined analysis (all genes except WntA 5’) Bayesian and maximum 
likelihood consensus trees. Bayesian posterior probabilities and tree on left, maximum 
likelihood with bootstrap values on right. Trees based on combined sequences totaling 
2822 bp. 
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Figure 20. Physical interval showing 3 genes and major genomic landmarks in the 
region. Along the top is the WntA gene with 8 exons. The middle region contains 
sequence generated from a BAC tile path. Labels along the bottom show gene regions 
amplified for phylogenetic analysis, physical landmarks, and relative distances between 
each region. 
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Table 1. Summary of selective primers used for AFLP based linkage analysis including 
the number of markers generated and mapped from each primer pair. 
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Table 2. Conserved nuclear loci mapped in L. arthemis with orthologs in H. 
melpomene and B. mori.  Linkage groups 1-26. *Denotes wing patterning loci. 
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Table 3. Conserved nuclear loci mapped in L. arthemis with orthologs in H. 
melpomene and B. mori.  Linkage groups 28 only. *Denotes wing patterning loci. 
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Table 4. Collection data and phenotypes of species used for phylogenetic analysis. 
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